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Proposal  Title:  Molecular  mechanisms  of  essential  fatty  acids  and  metabolites  in  regulation  of  prostate 
cancer  cell  growth.  PI:  Charles  Y.  F.  Young,  Ph.  D. 

Introduction 

It  has  been  suggested  (1-3)  that  compositions  of  essential  fatty  acids  (EFAs)  in  diets  consumed  by  humans 
can  largely  affect  the  incident  rates  of  many  cancers  including  prostate  cancer.  Whether  it  is  a  negative  or 
positive  association  with  the  disease  may  depend  on  the  types  and  quantity  of  fatty  acids  in  the  diet 

consumed  (1-4).  In  fact,  (0-3  polyunsaturated  essential  fatty  acids  (PUFAs)  such  as  docosahexaenoic  acid 
(DHA)  and  eicosapentaenoic  acid  (EPA)  and  one  of  their  terminal  metabolites,  15-deoxy-A12, 14- 
prostaglandin  J2  (15d-PGJ2)  may  be  involved  in  cell  growth  and  differentiation  (5-8).  The  peroxisome 
proliferator  activated  receptors  (PPARs)  as  transcription  factors  are  the  mediators  for  some  of  these 

hormone-like  lipids  (9).  We  hypothesize  that  PPARyis  the  mediator  for  IS-deoxy-A'^  ’^-prostaglandin  J2 
(15d-PGJ2),  a  terminal  metabolite  of  prostaglandin  J2  series,  in  regulation  of  cell  growth  negatively  and  gene 

expression  in  normal  and  cancerous  prostates.  Thus,  15d-PGJ2/PPARY  could  be  an  intervening  target  for 
prostate  cancer.  Our  aims  were  to  determine  the  growth  responses  of  human  prostate  cells  to  15d-PGJ2  and 

related  lipids  and  the  role  of  PPARy.  It  was  found  in  our  studies  that  the  expression  and  functions  of  PPARy 

were  activated  by  15d-PGJ2  and  DHA.  PPARy  was  also  detected  by  western  analysis  in  human  prostate 
cancerous  tissues.  Moreover,  in  contrast  to  other  studies  with  non-prostate  cells,  we  showed  that  both 
androgen  responsive  and  -refractory  prostate  cells  are  all  induced  by  15d-PGJ2  and  PUFAs  to  undergo, 
instead  of  differentiation  into  adipocyte-like  cells,  S-phase  cell  cycle  arrest  and  non-apoptotic  programmed 
cell  death.  Interestingly  .  we  discovered  that  DHA  and/or  EPA  can  interfere  with  androgen  receptor’s 
function  in  human  prostate  cancer  cells.  Our  studies  provide  a  strong  basis  for  the  use  of  these  PUFAs  as 
intervening  means  to  prevent  or  treat  prostate  cancer. 

Report  body 

Statement  of  Work  (Original  Proposal): 

1.  Determine  the  growth  responses  of  human  prostate  cells  to  15-deoxy-A  12-prostaglandin  J2  (15d-PGJ2)  and 
to  combination  of  all-trans  retinoic  acid,  9-cis  retinoic  acid  or  vitamin  D3  with  15d-PGJ2. 

a. Measure  growth  responses  of  three  human  prostate  cancer  cell  lines  to 

a  number  of  fatty  acids  and  prostanoids  including  15d-PGJ2  and  determine  their  relative  inhibition  potency 
(months  1-4). 

b. Measure  growth  responses  of  the  prostate  cell  lines  to  a  combination  of  all-trans  retinoic  acid,  9-cis  retinoic 
acid  or  vitamin  D3  with  15d-A12-PGJ2  (months  5-8) 

c. Using  a  number  of  assays  to  determine  apoptosis  in  the  prostate  cells  by  treatment  of  15d-PGJ2  (months  9- 

12) 

2.  Demonstrate  the  expression  of  PPAR  proteins  in  prostate  cells 

a.  Generate  monospecific  polyclonal  antibodies  for  PPAR  oc  and  P  (months  1-8) 

b.  Using  weatern  blot  analysis  to  study  the  expression  of  PPARs  in  prostate  cell  lines  (months  1-2  for  PPAR; 
months  9-12) 

c.  Using  western  blot  analysis  and  immunohistochemical  staining  to  detect  the  expression  of  PPARs  in  human 
prostate  tissues  (months  3-6  for  PPARy,  months  13-18) 

d.  Using  transfection  and  gel  band-shift  assays  (with  PPAR  specific  antibodies)  to  demonstrate  the  functions  of 
PPARs  in  the  human  prostate  cell  lines  (months  13-18). 

3.  Determine  the  role  of  peroxisome  proliferator  activated  receptor  y(PPARy)  in  15d-A12-PGJ2  mediated 
growth  inhibition  in  prostate  cancer  cells 

a.  To  make  suitable  LNCaP  cell  subline  expressing  tetracyclin  binding  protein  (TBP)  (work  has  been  done). 
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b.  To  use  the  above  LNCaP  cell  subline  expressing  TBP  to  construct  a  second  subline  for  expressing  antisense 
rbRNAs  for  PPARs  (months  13-18). 

c.  To  determine  whether  the  expression  of  PPAR  proteins  are  reduced  in  the  cell  lines  generated  in  3.b. (months 
16-18) 

d!  To  test  the  growth  response  of  the  cell  line  generated  in  3.  b.  to  15d-PGJ2  (months  17-24). 

Research  Accomplishments ; 

Basically,  we  have  completed  most  of  the  three  specific  aims,  resulting  in  two  abstract  presentations,  two 
publication  and  one  manuscript  submission.  Our  observation  in  one  of  these  publications  (Ref#5;Cell  Growth 
&  Diff.l  1:49,2000)  addressed  most  of  the  questions  in  these  three  aims.  However,  because  of  new  findings 
during  the  course  of  this  project,  we  re-directed  the  goals  of  Specific  Aim  3  in  which  the  inhibitory  effects  of 
15d-PGJ2,  docosahexaenoic  acid  (DHA)  and  eicosapentaenoic  acid  (EPA)  on  androgen  regulated  growth 
response  and  -gene  expression  were  examined  (this  redirection  in  Specific  Aim  3  was  requested  in  the  1999 
progress  report  and  approved).  Research  findings  are  summarized  below: 

a.  we  demonstrated  that  15d-PGJ2  as  a  naturally  occurring  ligand  for  peroxisome  proliferator  activated 
receptor  y  (PPARy)  caused  S-phase  cell  arrest  and  non-apoptotic  programmed  cell  death  but  not  cell 
differentiation  of  prostate  cancer  cells  (5,  also  see  the  Appendix).  The  cell  death  and  S-phase  cell  arrest 
induced  by  15d-PGJ2  are  not  mediated  via  tumor  suppresor  p53  and  cyclin  dependent  kinase  inhibitor  p21 
dependent  pathways.  This  might  lead  to  a  new  avenue  to  elucidate  novel  mechanisms  by  which  15d-PGJ2 
induce  prostatic  cell  death.  Also,  it  has  been  shown  that  15d-PGJ2  is  a  potent  anti- angiogenesis  agent  (6,  10, 

1 1).  Together,  these  studies  seem  to  indicate  that  15d-PGJ2  may  be  used  as  an  intervening  agent  for  prostate 
cancer. 

b.  It  has  been  suggested  that  consuming  high  quantities  of  DHA  and  FPA  in  fish  and  olive  oils  may  help 
reduce  prostate  cancer  risk  (2-5),  however,  the  mechnism  for  that  was  not  known. 

We  examined  the  effects  of  DHA  and  EPA  on  androgen-regulated  expression  of  a  well-known  androgen 
regulated  gene,  PSA  (12).  The  normalized  data  in  figure  1 A  showed  the  dramatic  decrease  in  androgen 
stimulated  PSA  secretion  by  DHA.  Figure  IB  with  EPA  treatment  demonstrates  a  similar  pattern  as  figure 
lA  except  that  EPA  treatment  required  higher  EPA  concentrations  for  significant  inhibition.  Similar 
results  were  seen  for  another  androgen  regulated  protein,  hK2  (data  not  shown). 


EPA(nM)  0  0  100  125  150  180 


Figure  1  The  androgen  induced  expression  of  PSA  protein  is  affected  by  DHA  or  EPA  in  LNCaP  Cells  Total 
PSA  quantification  was  performed  on  the  spent  media  from  cells  treated  with  DHA  (A)  or  EPA  (B).  These  , 
protein  levels  were  normalized  to  cell  density .  *  depicts  significant  inhibition  compared  to  the  no  treatment 

controls. 

Northern  analysis  was  performed  to  see  if  different  androgen  regulated  genes  are  affected  by  DHA  and 
EPA  treatment.  The  androgen  responsive  genes  NKX  3.1  (13),  ornithine  decarboxylase  (ODC)  (14),  the 
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immunophilin  fkbp  51,  Drg-1  (15)  and  PSA  were  all  tested  to  ascertain  the  effect  of  the  omega  3  fatty 
acids.  Figure  2  shows  that  all  mRNA  probed  were  up-regulated  by  androgens  and  that  the  treatment  with 
DHA  greatly  inhibited  the  induced  response. 


DHA  (|jM) 
Mih  ( I  nM) 

NKX  3.1 
ODC 


-  +  +  +  + 


PSA 

GAPDH 


Figure  2:  Effects  of  DHA  on  the  androgen  induced  expression  of  androgen  regulated  genes  ^ 

Northern  blot  analysis  of  the  PSA,  ODC,  NKX  3.1,  flcbp  51,  Drg-1  and  GAPDH  mRNAs  in  LNCaP  cells 
treated  with  DHA  and  Mib  for  24  hours.  The  18S  ribosome  RNA  and  GAPDH  are  shown  as  loading  controls. 

Given  that  all  the  androgen  inducible  genes  tested  were  inhibited  at  the  mRNA  level,  the  next  step  was  to 
determine  if  DHA  and  EPA  had  any  effect  on  the  AR  mediated  transactivation  of  androgen  regulated 
genes. 
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Figure  3.  Effects  of  DHA  and  EPA  on  the  androgen  receptor  mediated  transcription  of  a  heterologous  reporter 
gene  A  transient  transfection  in  LNCaP  cells  with  a  PGL3  SV40  or  pGL3  SV40-3  ARE  was  performed. 
After  24  hours,  cells  were  treated  with  DHA  (A)  or  EPA  (B)  in  the  presence  or  absence  of  Mib.  Cell  extracts 
were  prepared  for  luciferase  and  p-galactosidase  assays.  Luciferase  activities  were  normalized  by  B-gal 
activities  and  presented  as  relative  light  units/mU  fi-gal.  The  transfection  was  repeated  three  times  with 
standard  deviation  bars  shown.  *  depicts  significant  inhibition  compared  to  the  no  treatment  controls. 
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Therefore,  a  construct  containing  three  copies  of  an  androgen  responsive  element  in  front  of  a  luciferase 
reporter  gene  and  an  empty  vector  were  transfected  into  LNCaP  cells  with  or  without  Mib  for  24  hours  to 
test  whether  DHA  or  EPA  can  directly  affect  AR  mediated  transcriptional  activity.  Figure  3  shows  the 
activity  of  the  cells  treated  with  or  without  Mib.  In  the  Mib  treated  cells,  the  ARE  gives  a  strong 
artdrogenic  induction  of  luciferase  activity.  However,  DHA  and  EPA  treatments  inhibit  this  androgenic 
response  (p<  0.05).  This  assay  strongly  suggests  that  these  lipids  can  affect  the  transcriptional  function  of 
AR. 
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Figure  4.  Effects  of  DHA  and  EPA  on  the  expression  of  the  androgen  receptor  protein.  A  western  blot  analysis 
of  the  androgen  receptor  in  LNCaP  cells  treated  with  varying  amounts  of  DHA  or  EPA  for  indicated  times 
was  performed,  p-tubulin  was  used  as  an  internal  control.  The  cells  were  treated  with  or  without  Mib  for  24 
hours  then  cell  extracts  were  prepared  for  luciferase  assays  and  the  total  protein  was  measured.  The  open 
bars  represent  no  Mib  treatment  and  the  closed  bars  denote  Mib  treatment.  The  results  are  shown  as  light 
units/mg  protein.  The  experiment  was  performed  in  triplicate  and  standard  deviation  bars  shown. 

Furthermore,  western  blot  analysis  for  AR  protein  was  performed  to  determine  whether  the  lipids  have  an 
effect  on  the  expression  of  AR  protein.  As  shown  in  figure  4,  AR  protein  levels  were  increased  by 
androgens  which  could  not  be  changed  by  DHA  treatments  for  24  or  36  hours.  Similarly  EPA  did  not  alter 
AR  expression.  Although  the  molecular  mechanism  by  which  these  lipids  modulate  androgen  action  in 
prostate  cells  requires  further  elucidation,  the  above  studies  (manuscript  in  preparation)  provide  a  novel 
finding  to  explain  how  and  why  these  lipids  can  reduce  prostate  cancer  risk. 

c.  We  showed  that  15d-PGJ2  can  induce  overexpression  of  Hsp  70  in  human  and  mouse  prostate  cancer 
cells.  Recent  studies  (16)  suggested  that  non-apoptotic  cell  death  together  with  overexpression  of  Hsp  in 
cancer  cells  can  enhance  anti-tumor  immunity.  We  examined  if  15d-PGJ2  induced  HspVO  could  generate 
anti-prostate  cancer  immunity  in  a  mouse  prostate  cancer  model.  We  demonstrated  that  15d-PGJ2  induced 
Hsp  70  in  mouse  TRAMP  C2  cells  (purified  by  ADP  affinity  column  plus  Mono-Q  ionic  exchanger)  can 
induce  T  cell  immunity  against  the  prostate  cancer  cells  by  in  vitro  cytotoxic  T  cell  assay  and  in  vivo 
studies  (17;  please  also  see  the  manuscript  in  Appendix).  Although  this  work  was  not  planned  in  the 
original  proposal,  it  is  certainly  the  research  product  from  the  observations  of  this  proposed  project.  The 
progression  of  this  study  will,  in  fact,  be  supported  by  the  Phase  II  proposal  of  this  grant. 

Key  Research  Accomplishments 

1.  The  study  provides  molecular  basis  by  which  15d-PGJ2  as  a  naturally  occurring  ligand  for  peroxisome 
proliferator  activated  receptor  y  (PPARy)  caused  non-apoptotic  programmed  cell  death  of  prostate  cancer  cells 
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2.  This  study  provides  novel  molecular  basis  to  explain  how  some  of  omega  3  fatty  acids  can  reduce  prostate 
cancer  risk. 

3.  The  above  studies  seem  to  indicate  that  15d-PGJ2  may  be  potentially  used  as  an  agent  for  both 
chemotherapeutic  and  immunotherapeutic  purposes  for  prostate  cancer. 

Reportable  Outcomes 

1.  Chung  BH,  Mitchell  SH,  Young  CYF.  (2000)  Effects  of  fish  oil  (docosahexaenoic  acid  and 
eicosahexaenoic  acid)  on  androgen  mediated  growth  response  and  gene  expression  in  LNCaP  prostate 
cancer  cells,  (submitted) 

2.  Donkena.  K.  V„  M.  E.  Grossmann,  E.  Celis  and  C.  Y.F.  Young,  Tumor  prevention  and  anti-tumor 
immunity  with  heat  shock  protein  70  induced  by  15-deoxy  _  prostaglandin  Jj  in  transgenic 
adenocarcinoma  of  the  mouse  prostate  cells.  Cancer  Research  60:4714-4718, 2000. 

3.  Donkena  KV,  Butler  R.  Mitchell  SH,  Young,  C.Y.F,  Antiproliferative  activity  of  15-deoxy-_ 
prostaglandin  in  prostate  cancer  cells  is  associated  with  activation  of  PPAR  gamma  and  induction  of 
HSP-70  expression.  AACR  91st  Annual  Metting,  April  1-5,  2000,  San  Francicso,CA 

4.  R.  Butler,  S.  H.  Mitchell,  D.  J.  Tindall,  and  C,  Y.  F.  Young,  Non-apoptotic  cell  death  associated  with  S- 

phase  arrest  of  prostate  cancer  cells  via  the  PPAR-y  ligand,  IS-deoxy-A'^  '^'-prostaglandin  J2.  Cell  Growth 
and  Differentiation.  1 1:49-61, 2000. 

5.  Butler,  R.  and  C.  Y.-F.  Young,  15-deoxy- A'^  '^'-prostaglandin  J2  induces  apoptosis  in  human  prostate  cancer 
cell  lines.  Keystone  Symposia:  Breast  and  Prostate  Cancer,  1998  Abstract  No.  204. 

Involvement  of  Laboratory  Personnel 
Charles  Young,  Ph.  D. ,  P.I. 

Rachel  Butler,  Ph.  D.,  Research  Fellow 
K.  Vanaja  Donkena,  Ph.  D.  Research  Fellow 
Byung-Ha  Chung,  M.  D.,  Ph.  D.  Research  Fellow 
Susan  H.  Mitchell,  B.  S.,  Technician 

Conclusions 

(A)  Previous  studies  demonstrated  that  15d-PGJ2  as  a  naturally  occurring  ligand  for  PPAR  y,  and  its  synthetic 
analogues  can  induce  cell  differentiation  of  non-prostate  cancer  cells  (7,  8).  Our  study  (5)  has  demonstrated 
that  15d-PGJ2  causes  S-phase  cell  arrest  and  non-apoptotic  programmed  cell  death  of  prostate  cancer  cells. 

The  cell  death  induced  by  15d-PGJ2  are  not  mediated  via  tumor  suppresor  p53  and  cyclin  dependent  kinase 

inhibitor  p21  dependent  pathways.  This  study  seems  to  indicate  that  15d-PGJ2/PPARy  can  be  a  new 
intervening  target  for  prostate  cancer. 

(B)  Moreover,  preliminary  studies  showed  that  the  expression  of  several  androgen  regulated  genes  can  be 
inhibited  by  EPA  and  DHA,  suggesting  that  these  PUFAs  may  interfere  with  androgen  action  in  prostate  cells. 
Androgens  play  an  important  role  in  development  and  progression  of  prostate  cancer.  Thus  these  dietary 
PUFAs  and  derivitives  may  reduce  prostate  cancer  risk. 

(C)  We  found  that  15d-PGJ2  can  induce  overexpression  of  HSP70  in  all  prostate  cancer  cell  lines  tested.  We 
also  demonstrated  that  ADP  affinity  purified  Hsp70  from  15d-PGJ2  treated  prostate  cells  exhibits  high  potency 
of  induction  of  anti-prostate  cancer  immunity,  whereas  Hsp  70  from  non-prostatic  cancer  cells  shows  no  anti¬ 
prostate  cancer  immunity  effect  (17).  This  study  strongly  suggests  that  15d-PGJ2  induced  cell  death  and 
overexpression  of  Hsp  might  enhance  tumor  immunity  against  prostate  cancer. 
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Abstract 

IS-Deoxy-A^^’^'^-prostaglandin  Jg  {15d-PGJ2)  is  a  highly 
specific  activator  of  the  peroxisome  proliferator- 
activated  receptor  y  (PPAR-y).  We  investigated  the 
effect  of  ISd-PGJg  on  three  human  prostate  cancer  cell 
lines,  LNCaP,  DU145,  and  PC-3.  Western  blotting 
demonstrated  that  PPAR-y1  is  expressed 
predominantly  in  untreated  prostate  cancer  cells. 
Treatment  with  15d-PGJ2  caused  an  increase  in  the 
expression  of  PPAR-y2,  whereas  PPAR-yl  remained  at 
basal  levels.  PPARs  a  and  p  were  not  detected  in 
these  cells.  Lack  of  lipid  accumulation,  increase  in 
CCAAT/enhancer  binding  proteins  (C/EBPs),  or 
expression  of  aP2  mRNA  indicated  that  adipocytic 
differentiation  is  not  induced  in  these  cells  by  15d- 
PGJg.  15d-PGJ2  and  other  PPAR-y  activators  induced 
cell  death  in  all  three  cell  lines  at  concentrations  as 
low  as  2,5  fxM  (similar  to  the  of  PPAR-y  for  this 
ligand),  coinciding  with  an  accumulation  of  cells  in  the 
S-phase  of  the  cell  cycle.  Activators  for  PPAR-a  and  p 
did  not  induce  cell  death.  Staining  with  trypan  blue  and 
propidium  iodide  suggested  that,  although  the  plasma 
membrane  appears  intact  by  electron  microscopy, 
disturbances  are  evident  as  early  as  2  h  after 
treatment.  Mitochondrial  transmembrane  potentials  are 
significantly  reduced  by  15d-PGJ2  treatment.  In 
addition,  treatment  with  15d-PGJ2  resulted  In 
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cytoplasmic  changes,  which  are  indicative  of  type  2 
(autophagic),  nonapoptotic  programmed  cell  death. 

Introduction 

Prostate  cancer  Is  the  most  common  cancer  in  American 
men  and  the  second  leading  cause  of  male  cancer  death 
(1-*3).  There  is  much  experimental  and  epidemiological  evi¬ 
dence  to  suggest  that  dietary  fat  can  influence  the  incidence 
rate  of  prostate  cancer.  Essential  fatty  acids  have  been  im¬ 
plicated  in  the  development  and  progression  of  advanced 
prostate  cancer  (4-8),  In  recent  years,  different  series  of 
prostaglandins,  the  products  of  arachidonic  fatty  acid  me¬ 
tabolism,  have  been  shown  to  have  either  positive  or  nega¬ 
tive  effects  on  cancer  cel!  growth  (9, 1 0).  Diets  rich  in  fish  and 
olive  oils,  containing  w-3  fatty  acids,  appear  to  be  linked  to  a 
lower  incidence  of  prostate  cancer  compared  with  the  high 
incidence  in  the  Western  world,  where  the  diets  include  a 
high  intake  of  corn  oil,  which  contains  ^-6  fatty  acids. 

Many  unsaturated,  long  chain  fatty  acids  and  their  metab¬ 
olites,  including  prostanoids  and  synthetic  analogues,  have 
been  demonstrated  to  act  as  ligands/hormones  via  the 
PPAR^.  PPAR  is  a  member  of  the  steroid  hormone  receptor 
superfamily  involved  in  the  ligand-inducible  regulation  of  lipid 
metabolism  (11-14).  PPAR,  retinoic  acid,  vitamin  D,  and 
thyroid  hormone  receptors  belong  to  type  II  nuclear  recep¬ 
tors  (15,  16).  There  are  three  types  of  PPARs:  PPAR-a, 
PPAR-j3  (or  NUC-1  and  PPAR-6),  and  PPAR-y.  In  addition, 
two  isoforms  of  PPAR-y,  PPAR-yl  and  PPAR-y2,  are  ex¬ 
pressed  in  human  tissues  as  a  result  of  alternate  transcrip¬ 
tion  start  sites  and  alternative  splicing  (17).  These  two  iso¬ 
forms  differ  only  in  their  NHg  termini  in  that  PPAR-y2  has  an 
additional  30  amino  acids  (18-20).  The  expression  of  the  two 
isoforms  is  differentially  regulated  in  a  tissue-specific  man¬ 
ner.  PPAR-y2  is  abundant  in  adipocytes  and  is  thought  to  be 
relatively  specific  for  this  tissue  (18,  21 , 22).  PPAR-yl  is  also 
highly  expressed  in  adipocytes;  however,  lower  levels  of 
expression  have  been  detected  in  a  number  of  other  tissues, 
including  muscle  and  liver  (21-23).  All  PPAR  isoforms  require 
heterodimerization  with  the  retinoid  X  receptor  for  optimal 
DNA  binding  and  transcriptional  activity  (15,  16,  23). 


"^The  abbreviations  used  are:  PPAR,  peroxisome  proliferator-activated 
receptor;  ISd-PGJs,  15-deoxy-A^^’'''^-prostaglandin  J2;  ETYA,  5,8,11,14- 
eicosatetraenoic  acid;  EPA,  eicosapentaenoic  acid;  DHA,  docosahex- 
anaenoic  acid;  MTS,  3-(4,5-dimethylthiazol-2-y!)-5-(carboxymethoxyphe- 
nyi)-2(4-sulophenyl)-2H-tetrazolium;  FACS,  fluorescence-activated  cell 
sorter:  C/EBP,  CC/\AT/enhancer  binding  proteins;  Pi,  propidium  iodide; 
PARP,  poly(ADP-ribose)  polymerase;  JC-1,  5,5',6,6'-tetrachloro-1,1 ', 
3,3'-tetraethylbenzimidoazolcarbocyanine  iodide;  PSA,  prostate-specific 
antigen. 
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Fig.  1.  The  effects  of  activators  of 
PPARs  on  the  viability  of  human  prostatic 
adenocarcinoma  cell  lines,  DU145,  PC-3, 
and  LNCaP.  Cells  were  incubated  with 
0.01-100  /xM  linoleic  acid  (an  activator  of 
PPAR-j3),  ETYA  (an  activator  of  PPAR-a), 
and  prostaglandin  E2  (an  inert  activator 
for  PPARs);  1-10  ISd-PGJs;  5-100 
/xM  EPA  and  DMA;  and  2-20  /xm,  ciglita- 
zone  (activators  of  PPAR-y);  or,  vehicle 
controls  {column  0)  for  6  days.  Viable 
cells  were  measured  by  MTS  assay  and 
expressed  as  a  percentage  of  controls 
(n  =  4-6);  bars,  SD. 
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Although  several  long-chain  fatty  acids  can  activate 
PPARs,  they  are  not  effective  activators  for  PPAR-y  (23-27). 
However,  a  fatty  acid  metabolite,  15d-PGJ2,  the  terminal 
metabolite  of  the  prostaglandin  J  series,  has  been  shown  to 
be  a  highly  specific  activator  of  PPAR-y  (25,  26).  Prostag¬ 
landin  D2  and  prostaglandin  J2  are  endogenous  metabolites 
of  the  prostaglandin  J  series  that  have  already  been  shown  to 
have  antitumor  activities  (11).  These  observations  led  us  to 
study  the  effect  of  15d-PGJ2  on  the  growth  of  prostate 
cancer  cells  with  the  hypothesis  that  the  action  of  these 
prostaglandins  may  be  occurring  through  PPAR-y. 

Results 

15d-PGJ2  Inhibits  the  Growth  of  Prostate  Cancer  Cell 
Lines.  Lipids  that  are  known  to  be  specific  activators  of  the 
three  isoforms  of  PPAR  were  used  to  establish  the  involve¬ 
ment  of  the  particular  isoforms  in  the  growth  response  mech¬ 
anism  in  human  prostate  adenocarcinoma  cells.  Hormone 
sensitive  (LNCaP)  and  hormone  refractory  (PC-3  and  DU  145) 


prostate  cancer  cell  lines  were  treated  with  ETYA  (22,  26),  an 
activator  for  PPAR-a;  linoleic  acid  (23,  27),  an  activator  for 
PPAR-j8;  15d-PGJ2  (24,  25),  an  activator  for  PPAR-y;  and 
prostaglandin  E2  (23,  25-27),  an  Inert  activator  for  PPARs 
over  a  range  of  concentrations  (1  to  1 00  /jlm).  Additionally,  the 
synthetic  PPAR-y  agonist  ciglitazone,  as  well  as  two  w-3 
polyunsaturated  fatty  acids,  EPA  and  DHA,  which  are  natural 
PPAR-y  activators,  were  Included  in  the  studies.  The  effect 
of  each  ligand  on  the  growth  response  of  the  cells  was 
determined  using  the  MTS  cell  viability  assay.  Neither  pros¬ 
taglandin  E2  nor  linoleic  acid  had  any  apparent  effect  on  the 
viability  of  any  of  the  cell  lines  examined.  ETYA  had  an 
inhibitory  effect  on  all  three  cell  lines  but  only  at  the  highest 
concentration  tested  (100  ^llm;  Fig.  1).  In  comparison,  15d- 
PGJ2  showed  a  potent  inhibitory  effect  (at  —2.5  jlim  or  less) 
on  all  cell  lines  tested  (Fig.  1).  It  is  important  to  note  that  the 
effective  concentration  of  15d-PGJ2  needed  to  reduce  cell 
viability  (2.5  /jlm)  is  comparable  with  that  of  15d-PGJ2  re¬ 
quired  for  PPAR-y  activation  in  gene  transfer  studies  (2  /xm; 
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Fig.  2.  The  effects  of  1 5d-PGJ2  on  prostate  cancer  cell  growth  analyzed  b) 

by  DNA  synthesis.  LNCaP,  PC-3,  and  DU145  cells  were  treated  with  0, 

2.5,  and  10  15d-PGJ2  for  24  and  48  h.  Additionally,  cells  were  incu¬ 
bated  with  10  ixu  bromodeoxyuridine  solution  for  18  h  prior  to  harvesting. 

The  amount  of  newly  synthesized  DNA  was  measured  by  nonradioactive 
bromodeoxyuridine  ELISA  (Roche)  and  expressed  as  percentage  of  con¬ 
trols  (n  =  4);  bars,  SD. 
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Ref.  25).  At  higher  concentrations  of  15d-PGJ2  (up  to  10 
studied),  a  profound  effect  on  cell  viability  was  seen.  Treat¬ 
ment  with  EPA,  DHA,  and  ciglitazone  also  produced  a  potent 
growth-inhibitory  effect.  Ciglitazone  produced  an  inhibitory 
pattern  that  was  similar  to  1 5d-PGJ2  at  comparable  concen¬ 
trations.  However,  the  concentrations  of  EPA  and  DHA 
needed  to  produce  the  effect  were  much  higher  than  that  of 
15d-PGJ2.  Transfection  studies  (28,  29)  also  show  that  a 
higher  concentration  of  EPA  and  DHA  is  required  for  PPAR  y 
activation,  although  in  vitro  ligand  binding  studies  demon¬ 
strate  an  affinity  (K^)  of  ~2  jum  for  EPA  binding.  One  possible 
explanation  for  this  is  that  EPA  and  DHA  have  differences  in 
compound  stability  and  binding  to  fatty  acid  binding  protein 
compared  with  ISd-PGJs-  The  transportation  of  EPA  and 
DHA  into  cells  may  be  mediated  by  fatty  acid  transporters 
(30). 

To  confirm  the  effect  of  15d-PGJ2  on  cell  proliferation,  the 
incorporation  of  bromodeoxyuridine  into  DNA  was  measured 
in  a  nonradioactive  DNA  synthesis  assay.  As  shown  In  Fig.  2, 
treatment  with  2.5  and  10  jlim  15d-PGJ2  decreases  DNA 
synthesis  significantly  in  these  cells  by  24  h.  For  PC-3  and 
DU145  cells,  DNA  synthesis  decreased  additionally  between 
24  and  48  h  of  treatment.  Together  these  two  assays  suggest 
that  the  effect  of  15d-PGJ2  on  these  cells  (also  see  below)  is 
to  induce  cell  death  but  not  terminal  differentiation,  as  has 
been  suggested  for  other  tumor  cell  lines  (31 , 32).  In  addition, 
these  data  show  that  the  end  point  of  the  cel!  death  induced 
by  1 5d-PG J2  is  occurring  between  24  and  48  h  in  the  majority 
of  cells.  However,  the  initiation  of  the  1 5d-PGJ2  effect  occurs 
very  rapidly,  with  cells  starting  to  round  up  and  detach  from 
the  culture  dish  within  2  h  of  treatment  (data  not  shown). 

Expression  of  PPARs  in  Prostate  Cancer  Cell  Lines  and 
Tissues.  Because  15d-PGJ2  is  a  ligand  for  PPAR-y,  it  is 
reasonable  to  expect  that  this  receptor  is  the  mediator  for  the 
inhibitory  growth  effect  of  15d-PGJ2  on  prostate  cancer 
cells.  Western  blotting  analysis  of  total  cell  extracts  from 
LNCaP,  PC-3,  and  DU1 45  prostate  cancer  cell  lines  using  a 
PPAR-y-specific  polyclonal  antibody  demonstrated  the  ex- 


Fig.  3.  Expression  of  PPAR-yl  and  PPAR-y2  isoforms  in  human  pros¬ 
tate  cancer  cell  lines  showing  the  effect  of  ISd-PGJs  treatment,  a,  cells 
were  treated  with  2.5  and  10  ISd-PGJs  and  harvested  at  3-,  6-,  and 
24-h  intervals.  Western  blots  were  prepared  and  probed  with  anti-PPAR-y 
antibody  (1:2000;  BioMol),  which  detects  both  isoforms  of  PPAR-y.  b, 
Western  blots  of  benign  (B)  and  cancerous  (7)  prostate  tissue,  DU145  cells 
treated  with  10  /xm  15d-PGJ2  for  6  h,  and  differentiated  3T3-L1  cells.  The 
same  antibody  shown  in  a  was  used  in- 6. 

pression  of  the  receptor  in  all  three  human  cell  lines  (Fig.  3a). 
The  PPAR-y  antibody  clearly  recognizes  both  the  y1  and  y2 
isoforms  of  the  receptor.  In  addition,  when  cells  were  treated 
with  low  concentrations  of  15d-PGJ2  (2.5  p.ivi)  over  24  h,  a 
marked  increase  in  the  level  of  PPAR-y2  was  observed  as 
early  as  6  h.  By  24  h,  an  even  larger  increase  in  the  level  of 
PPAR-72  protein  had  occurred  in  PC-3  and  DU145  cell  lines 
(Fig.  3a).  Moreover,  when  DU145  cells  were  treated  at  the 
highest  dose  of  15d-PGJ2  (10  jlim),  a  significant  increase  in 
the  expression  of  PPAR-y2  was  seen,  especially  by  24  h  of 
treatment.  The  expression  level  of  PPAR-yl  remained  un¬ 
changed  with  these  treatments  and  therefore  served  as  an 
internal  control.  A  Western  blot  analysis  of  benign  and  can¬ 
cerous  prostate  tissues  was  performed  to  see  the  expression 
patterns  of  PPAR-y  (Fig.  3b).  Tissues  from  three  different 
patients  were  examined,  and  one  representative  blot  is 
shown.  The  analysis  showed  that  PPAR-yl  protein  can  be 
detected  in  all  tissues  tested  at  relatively  constant  levels,  and 
PPAR-y2  is  not  present  in  these  tissues.  As  controls  for 
PPARy  expression,  DU  145  cells  treated  for  6  h  with  10  /llm 
15d-PGJ2  and  differentiated  3T3-L1  cells  are  shown  in 
Fig.  3b. 

We  also  carried  out  Western  blot  analysis  on  these  cells  to 
determine  the  expression  levels  of  the  a  and  j3  isoforms  of 
PPAR.  There  was  no  detectable  level  of  expression  of  either 
PPAR-a  or  PPAR-/3  protein  in  any  of  the  prostate  cancer  cell 
lines  studied  (data  not  shown).  Taken  together,  these  results 
suggest  that  15d-PGJ2  has  a  specific  antiproliferative  effect 
on  the  growth  of  both  androgen-dependent  and  androgen- 
independent  prostate  cancer  cel!  lines,  and  that  this  action  is 
occurring  through  a  pathway  involving  PPAR-y. 
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Fig.  4.  Effects  of  15d-PGJ2  treat¬ 
ment  on  plasma  membrane  integrity 
assessed  by  trypan  blue  exclusion 
assay  and  Pi  staining.  LNCaP, 
PC-3,  and  DU145  cells  treated  with 
0,  2.5,  and  10  /utM  ISd-PGJs  were 
stained  with:  a,  trypan  blue  dye;  or 
b,  PI  and  Hoechst  33258  at  2, 4.  and 
6  h  after  treatment.  The  number  of 
blue  (a)  or  red  {b)  ceils  per  total  of 
500  was  counted  and  expressed  as 
a  percentage  of  the  total  (r?  =  4). 


Treatment  of  Prostate  Cancer  Cells  with  ISd-PGJg 
Causes  Changes  in  Plasma  Membrane  Integrity.  We  ob¬ 
served  that  the  cells  round  up  in  a  short  time  after  1 5d-PGJ2 
treatment  but  do  not  die  completely  until  after  24  h  of  treat¬ 
ment  (data  not  shown).  This  suggests  that  changes  may  also 
be  occurring  at  the  level  of  the  plasma  membrane.  Two 
staining  methods  were  used  to  assess  whether  the  plasma 
membranes  of  cells  treated  with  15d-PGJ2  were  undergoing 
permeability  changes.  Trypan  blue  staining  was  performed 
on  cells  treated  with  either  2.5  or  10  jucw  ISd-PGJs  for  2,  4, 
and  6  h  (Fig.  4a)  and  cells  treated  with  50  /am  EPA,  50  /am 
DHA,  and  15  /am  ciglitazone  at  6  h  of  treatment.  The  number 
of  cells  staining  blue  in  a  total  of  500  cells  was  counted  and 
expressed  as  a  percentage.  Fig.  4a  shows  that  by  2  h  of 
treatment  with  both  2.5  and  10  /am  15d-PGJ2,  all  three  cell 
lines  had  a  significant  number  of  trypan  blue-stained  cells 
compared  with  controls.  LNCaP  cells  were  the  most  affected 
by  15d-PGJ2  treatment  in  this  assay.  By  6  h  of  treatment, 
-80%  of  the  LNCaP  cells  treated  with  1 5d-PGJ2  are  capable 
of  taking  up  trypan  blue  dye.  The  effect  of  15d-PGJ2  oc¬ 
curred  in  a  dose-dependent  manner.  After  6  h  of  treatment 
with  EPA,  LNCaP,  PC-3,  and  DU145  cells  took  up  99, 97,  and 
91  %  of  trypan  blue  dye,  respectively  (data  not  shown).  After 
treatment  with  DHA,  98,  97,  and  95%  of  LNCaP,  PC-3,  and 
DU-145  cells  took  up  trypan  blue,  respectively  (data  not 
shown).  After  ciglitazone  treatment,  59,  92,  and  51%  of 


LNCaP,  PC-3,  and  DU1 45  cells  took  up  trypan  blue  dye  (data 
not  shown).  Some  cells  appeared  to  be  surrounded  by  a  ring 
of  trypan  blue  dye  at  the  membrane  surface.  These  cells 
were  counted  as  trypan  blue  positive  and  may  account  for 
the  discrepancy  between  the  number  of  cells  stained  by 
trypan  blue  and  PI  (see  below). 

The  second  assay  involved  staining  with  two  DNA-binding 
dyes.  PI  and  Hoechst  33258,  which  can  be  viewed  with 
fluorescence  microscopy.  In  addition  to  showing  nuclear 
morphology  by  binding  DNA,  PI  can  also  be  used  to  deter¬ 
mine  plasma  membrane  integrity,  because  this  dye  is  a  polar 
molecule  and  cannot  enter  the  cell  unless  the  plasma  mem¬ 
brane  is  perturbed  in  some  manner.  In  contrast,  Hoechst 
33258  can  freely  enter  cells  and  stain  DNA  to  show  nuclear 
morphology.  Therefore,  these  two  dyes  were  used  to  test  the 
plasma  membrane  integrity  and  to  visualize  any  changes  in 
nuclear  morphology  (see  below)  at  various  time  points  after 
15d-PGJ2  treatment.  Staining  with  PI  (Fig.  4b)  correlated  well 
with  trypan  blue,  taking  Into  account  the  discrepancy  de¬ 
scribed  above.  As  with  the  trypan  blue  staining,  15d-PGJ2 
treatment  had  a  profound  effect  on  the  ability  of  LNCaP  cells 
to  take  up  PI,  indicating  an  effect  on  the  integrity  of  the 
plasma  membrane.  Together,  these  data  suggest  that  a  rel¬ 
atively  early  effect  of  the  PPAR-y  ligand,  15d-PGJ2,  is  to 
cause  disturbances  In  the  plasma  membrane,  resulting  in  a 
loss  of  integrity  and  eventually  cell  death.  However,  the  dis- 
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Table  1  Cel!  cycle  analysis  of  prostate  cancer  cell  lines  treated  with  15d-PGJ2 

Cells  were  treated  with  2.5  and  10  julm  15d-PGJ2  for  24  and  48  h  and  then  analyzed  by  FACS,  n  ^  4  for  10  jllm  15d-PGJ2  treatment  and  n  =  2  for  2.5 
jjlm  1 5d-PGJ2  treatment.  Values  are  mean  ±  SD. 

24  h 

48  h 

G0/G1 

S 

G2/M 

Gq/Gi 

S 

G2/M 

1 0  jllM  J2 

72.48  ±  0.71 

10.83  i  0.07 

16.70  ±  0.78 

80.48  ±  1.71 

5.88  ±  0.24^ 

13.64  ±  1.47 

LNCaP 

2.5  JLLM  J2 

71.89 

9.53 

18.59 

75.44 

7.14 

17.43 

Control 

72.11  ±  2.08 

3.83  ±  0.23 

24.07  ±  1.86 

78.18  ±  0.84 

2.11  ±  0.23 

19.71  ±  0.62 

10  julm  J2 

50.43  ±  0.24 

36.44  ±  0.55 

13.13  ±  0.31 

51.27  ±  0.98 

33.46  ±  0.40 

15.28  ±  1.38 

PC-3 

2.5  JLLM  J2 

47.25 

31.07 

21.69 

48.23 

37.75 

14.03 

Control 

55.33  ±  0.48 

24.52  ±  0.18 

20.16  ±  0.6 

53.26  ±  0.49 

31.66  ±  0.04 

15.08  ±  0.45 

1  0  JXM  J2 

42.04  ±  0.17 

25.38  ±  3.10 

32.58  ±  3.26 

37.00  ±  4.59 

34.82  ±  22.7 

28.19  ±  18.1 

DU145 

2.5  fiM  J2 

35.89 

42.23 

21.88 

49.85 

14.73 

35.43 

Control 

54.67  ±  1.04 

20.24  ±1.17 

20.10  ±  0.12 

59.15  ±0.34 

4.34  ±  4.57 

36.51  ±  4.24 

®  P  <  0.05  versus  control. 


turbance  of  the  plasma  membrane  may  not  be  a  direct  effect 
of  15d-PGJ2,  because  this  effect  occurs  gradually  and  over 
an  extended  period  of  time,. 

15d-PGJ2  Treatment  Causes  S-Phase  Cell  Cycle  Arrest 
In  Prostate  Cancer  Cell  Lines.  Because  of  the  profound 
inhibition  of  cellular  proliferation  caused  by  15d-PGJ2,  we 
wanted  to  determine  whether  the  cell  cycle  was  altered. 
LNCaP,  PC-3,  and  DU145  cells  were  treated  with  2.5  and  10 
15d-PGJ2  for  24  and  48  h,  at  which  time  cell  cycle 
changes  were  studied  by  FACS  analysis.  All  three  cell  lines 
showed  a  significant  accumulation  of  cells  in  the  S-phase  by 
24  h  of  treatment  with  1 5d-PGJ2  compared  with  control  ceils 
(Table  1).  However,  the  androgen-dependent  cell  line, 
LNCaP,  exhibited  a  lesser  effect  than  the  androgen-indepen¬ 
dent  cell  lines  DU145  and  PC-3;  although  compared  with 
control  cells,  there  was  approximately  three  times  the  num¬ 
ber  of  treated  cells  in  S-phase.  LNCaP  cells  grow  very  slowly 
in  culture  and  therefore  may  not  have  completed  an  entire 
cell  cycle  before  the  effects  of  1 5d-PGJ2  occur. 

The  completion  of  cell  cycle  events  in  an  orderly  manner, 
from  the  G^  stage  to  DNA  replication  in  S-phase  or  from  the 
G2  stage  to  mitosis,  is  controlled  by  many  factors,  which  act 
as  checkpoints  to  ensure  that  no  mistakes  occur  (33).  There¬ 
fore,  in  addition  to  carrying  out  FACS  analysis  to  study  the 
cell  cycle,  we  also  studied  changes  in  the  protein  expression 
of  certain  cell  cycle  regulating  factors  over  a  time  course  of 
15d-PGJ2  treatment.  The  cell  cycle  regulators  studied  were 
p53,  p21,  and  p27,  all  of  which  are  involved  in  controlling 
various  checkpoints  in  the  cell  cycle.  However,  no  changes 
were  observed  in  the  expression  levels  of  any  of  these  pro¬ 
teins  over  the  time  period  in  which  cell  cycle  arrest  occurred 
(data  not  shown). 

After  observing  the  1  Sd-PGJs-induced  cell  cycle  changes 
mentioned  above,  we  were  Interested  to  see  whether  1 5d- 
PGJ2  could  induce  differentiation  of  prostate  cancer  cells 
into  adipocytes,  as  has  been  described  for  other  cell  types. 
The  C/EBPs,  C/EBP-a  and  C/EBP-/3,  are  nuclear  transcrip¬ 
tion  factors,  which  are  vital  components  for  the  differentia¬ 
tion  of  preadipocytes  into  adipocytes  (34-37).  It  has  been 
demonstrated  that  some  compounds,  such  as  the  thiazo- 


lidinediones  (31,  37-39),  generally  up-regulate  the  expres¬ 
sion  of  these  proteins.  When  we  examined  the  levels  of 
C/EBP-a  and  C/EBP-/3,  there  was  no  effect  of  1 5d-PGJ2  by 
3  h  in  all  cell  lines  studied  (Fig.  5a).  Moreover,  by  6  and  24  h, 
the  levels  of  both  C/EBP-a  and  C/EBP-/3  were  significantly 
decreased  compared  with  controls.  To  confirm  that  there  Is 
no  adipocytic  program  initiated  by  15d-PGJ2  a  Northern  blot 
analysis  for  aP2  was  performed  (Fig.  5b).  Differentiated 
3T3-L1  cells  were  used  as  a  positive  control.  The  figure 
shows  that  there  is  no  up-regulation  of  the  aP2  mRNA  by 
15d-PGJ2  treatment  In  either  LNCaP  or  DU  145  cells.  PC-3 
ceils  also  exhibited  no  up-regulation  (data  not  shown).  In 
addition,  we  tested  for  the  accumulation  of  neutral  lipids  with 
oil  red  O  dye.  When  LNCaP,  PC-3,  and  DU145  cells  were 
treated  for  4  days  with  a  range  of  concentrations  of  15d- 
PGJ2,  no  differences  were  detected  in  the  amount  of  oil  red 
O  staining  between  treated  cells  and  controls  (data  not 
shown).  These  results  suggest  that  15d-PGJ2  does  not  in¬ 
duce  differentiation  of  these  cells  into  adipocytes.  A  Northern 
blot  analysis  of  PSA  was  also  performed  to  prove  there  is  no 
further  differentiation  with  15d-PGJ2  treatment  (Fig.  5c).  The 
Northern  blot  results  show  that  after  the  up-regulation  of  PSA 
by  mibolerone  in  LNCaP  cells,  15d-PGJ2  treatment  down- 
regulates  the  expression  of  PSA  mRNA. 

Cell  Death  Induced  by  ISd-PGJg  Occurs  via  a  Non- 
apoptotic  Mechanism,  A  number  of  apoptotic  assays  were 
performed  to  investigate  the  mode  of  celt  death  occurring  in 
response  to  15d-PGJ2.  Nuclear  morphology  changes,  DNA 
fragmentation,  and  PARP  cleavage  were  studied  at  various 
time  points  after  treatment  with  10  jllm  15d-PGJ2.  No  DNA 
fragmentation  or  PARP  cleavage,  both  of  which  are  classic 
events  known  to  occur  during  apoptosis,  was  observed  in 
any  of  the  cell  lines  (data  not  shown;  Refs.  40  and  41). 
Moreover,  the  use  of  caspase  inhibitors  to  block  or  delay 
apoptosis  had  no  effect  on  the  induction  of  cell  death  by 
15d-PGJ2  (data  not  shown).  Fig.  6  shows  an  example  of 
Hoechst  33258  and  PI  staining  of  LNCaP  cells  after  6  h  of  10 
JLLM  15d-PGJ2  treatment.  Clearly,  none  of  the  nuclear  mor¬ 
phology  changes  associated  with  apoptosis  have  occurred 
by  this  time  point,  Ciglitazone  treatment  also  showed  no 
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Fig.  5,  Expression  of  differentiation  markers,  a,  the  expression  of 
C/EBPa  and  C/EBP/3  was  studied  by  Western  blotting  of  LNCaP,  PC-3, 
and  DU145  cells  treated  with  0,  2.5,  and  10  /u,m  15d-PGJ2  for  3,  6,  and 
24  h.  Anti-C/EBPa  and  anti-C/EBPjS  antibodies  {1 :500:  Santa  Cruz)  were 
used  for  immunodetection,  b,  a  Northern  blot  of  mRNA  in  LNCaP,  DU145, 
and  differentiated  3T3-L1  cells  using  a  probe  for  aP2,  PSA,  and  giycer- 
aldehyde-3-phosphate  dehydrogenase  (GAPDH). 


nuclear  morphology  changes  associated  with  apoptosis  by 
Hoechst  33258  staining  (data  not  shown).  The  nuclei  from  all 
three  cell  lines  were  still  intact  at  72  h  of  treatment  (data  not 
shown).  Moreover,  the  majority  of  cells  (80%)  stained  with 
both  PI  and  Hoechst  33258  (Fig.  6),  and  the  cells  with  PI 
staining  also  had  more  intense  Hoechst  33258  staining,  sug¬ 
gesting  that  the  plasma  membrane  may  have  become  more 
permeable  even  after  short  exposures  (6  h)  to  1 5d-PGJ2. 

To  delineate  whether  any  further  alterations  In  the  plasma 
membrane  occurred  and  to  look  for  additional  ultrastructural 
changes,  transmission  electron  microscopy  was  performed 
on  cells  from  all  three  cell  lines  treated  with  2.5  and  10  jllm 
1 5d-PGJ2  for  24  h.  Negative  control  cells  received  no  treat¬ 
ment.  Positive  controls  for  necrosis  and  apoptosis  (42,  43) 
were  treated  with  high  (20  (jlm)  and  low  (2  /xm)  concentrations 
of  the  calcium  ionophore  A23187,  respectively.  Electron  mi¬ 
crographs  of  representative  cells  can  be  seen  in  Fig.  7.  The 
majority  of  cells  maintained  an  intact  plasma  membrane  after 
treatment  with  10  /lcm  15d-PGJ2  for  24  h,  unlike  those  seen  in 
the  necrosis  control  in  which  almost  all  cells  have  completely 


Fig.  6.  Nuclear  staining  of  LNCaP  cells.  LNCaP  cells  were  treated  with 
10  /xM  ISd-PGJg  for  6  h  and  stained  with  Hoechst  33258  and  PI.  Cells 
were  photographed  from  a  double-stained  population  by  confocal  mi¬ 
croscopy.  a,  Hoechst  33258;  b,  Pi. 


disrupted  membranes  and  have  lost  their  cellular  contents 
(Fig,  7c).  a  small  percentage  of  1 5d-PGJ2-treated  cells  also 
have  this  morphology,  but  this  is  likely  to  be  attributable  to 
mechanical  damage  Incurred  while  preparing  the  cells  for 
electron  microscopy. 

LNCaP,  PC-3,  and  DU  145  cells  all  originate  from  prostate 
epithelia  and  as  such  have  distinct  microvilli  on  their  surfaces 
(particularly  clear  in  DU145  cells).  Cells  treated  with  15d- 
PGJ2  showed  a  pronounced  loss  of  plasma  membrane  mi¬ 
crovilli  (Fig.  7,  compare  bXof  and  h).  These  changes  at  the 
cell  surface  may  be  enough  to  allow  the  uptake  of  polar  dyes 
such  as  PI. 

The  nuclei  of  cells  remained  intact  after  15d-PGJ2  treat¬ 
ment  in  correlation  with  the  Hoechst  33258  nuclear  staining 
and  DNA  fragmentation  data.  Chromatin  condensation  was 
still  evident,  although  complete  segregation  has  not  oc¬ 
curred  to  give  the  pyknotic  structures  seen  in  apoptotic  cells. 
This  can  be  seen  in  the  apoptosis  control  cells  treated  with  2 
/LtM  A23187  (Fig.  Id). 

The  cytoplasmic  changes  seen  in  cells  treated  with  15d- 
PGJ2  are  possibly  more  dramatic  than  the  nuclear  events. 
Cytoplasmic  changes  included  extensive  vacuolization  and 
distension  of  the  endoplasmic  reticulum  (Fig.  7,  e-h).  In  a 
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Fig.  7.  Transmission  electron  micrographs  showing  morphological  changes  in  prostate  cancer  cells  treated  with  15d-PGJ2.  a,  LNCaP  control:  b,  DU145 
control,  note  the  location  of  the  mitochondria  (m)  throughout  the  cytoplasm  and  the  extensive  microvilli  (mv)  in  the  plasma  membrane;  c,  necrosis  control, 
LNCaP  cells  treated  with  20  julm  A23187  for  2  h;  d,  apoptosis  control,  DU145  cells  treated  with  2  A23187  for  6  h;  e,  LNCaP  cells  treated  with  10 

15d-PGJ2  for  24  h,  showing  perinuclear  position  of  mitochondria,  vacuolization  of  the  cytoplasm  (vac),  and  distension  of  endoplasmic  reticulum  into 
autophagic  vesicles  (av);  f,  DU145  cells  treated  with  10  fxM  ISd-PGJs  for  24  h,  showing  loss  of  microvilli  {arrow  with  asterisk),  perinuclear  location  of 
mitochondria  (m)  and  chromatin  condensation;  g,  LNCaP  cells  treated  with  2.5  fxM  15d-PGJ2  for  24  h,  showing  vacuolization  (vac),  distended  endoplasmic 
reticulum,  autophagic  vesicles  (av)  and  chromatin  condensation;  and  h,  DU145  cells  treated  with  2.5  15d-PGJ2.  showing  loss  of  microvilli,  chromatin 

condensation,  and  extensive  vacuolization  of  the  cytoplasm  (vac). 


number  of  cells,  the  endoplasmic  reticulum  was  distended  to 
such  an  extent  that  “whorl-like”  structures  formed,  and  some 
of  these  appear  to  contain  organelles,  possibly  mitochondria, 
which  may  be  undergoing  degradation  by  autophagy.  in 
addition,  a  pronounced  phenomenon  involving  the  move¬ 
ment  of  mitochondria  from  a  diffuse  cytoplasmic  pattern  of 
localization  to  a  tightly  packed  grouping  in  a  perinuclear 
position  occurred  in  the  majority  of  cells  treated  with  1 0  /llm 
15d-PGJ2  (Fig.  7,  e  and  f  compared  with  a  and  b),  PC-3  cells 
showed  similar  cytoplasmic  changes  (data  not  shown). 

ISd-PGJg  Causes  a  Decrease  in  Mitochondrial  Mem¬ 
brane  Potential.  The  prominent  change  in  mitochondrial 
position,  together  with  the  apparent  autophagic  degradation 
of  a  number  of  mitochondria  in  1 5d-PGJ2-treated  cells,  sug¬ 
gests  that  mitochondrial  function  may  be  impaired  in  these 
cells.  In  addition,  changes  in  plasma  membrane  integrity  can 
also  have  a  profound  effect  on  the  stability  of  mitochondrial 
function.  Therefore,  the  mitochondrial  abnormalities  ob¬ 
served  by  electron  microscopy  were  evaluated  further  using 
a  specific  fluorescent  mitochondrial  probe,  JC-1.  JC-1  is  a 
lipophilic  cation  that  normally  exists  as  a  monomer  emitting 
green  fluorescence.  In  a  reaction  driven  by  mitochondrial 
transmembrane  potential,  JC-1  forms  dimeric  “J-aggre- 
gates”  that  emit  a  red  fluorescence  (44,  45).  In  this  manner, 
the  use  of  JC-1  enables  the  dual  analysis  of  mitochondrial 
mass  (green  fluorescence)  and  mitochondrial  transmem¬ 
brane  potential  (red  fluorescence).  After  treatment  with  1 5d- 
PGJ2,  we  observed  a  progressive  increase  in  green  fluores¬ 


cence,  which  correlated  with  a  decrease  in  red  fluorescence 
at  both  concentrations  of  the  ligand  in  all  cell  lines  studied 
(Fig.  8).  As  expected,  this  effect  was  more  profound  at  10  /xm 
1 5d-PGJ2  than  at  the  lower  concentration.  However,  at  24  h, 
the  extent  of  the  loss  of  mitochondria!  transmembrane  po¬ 
tential  inferred  by  the  decreasing  red  fluorescence  and  in¬ 
creasing  green  fluorescence  was  much  greater  in  PC-3  and 
DU145  cells  than  in  the  LNCaP  cell  line.  These  data,  together 
with  the  red:green  fluorescence  ratio,  which  represents  the 
net  transmembrane  potential  per  mitochondrion  (46),  are 
presented  in  Table  2.  The  fact  that  the  profound  reduction  in 
mitochondria!  transmembrane  potential  correlates  with  the 
time  frame  in  which  cell  viability  is  lost  after  15d-PGJ2  treat¬ 
ment  suggests  that  this  endogenous  ligand  for  PPAR-y  has 
a  direct  effect  on  mitochondrial  function. 


Discussion 

A  principle  role  for  PPAR-y  is  to  trigger  the  differentiation 
cascade  resulting  in  the  formation  of  mature  adipocytes  from 
preadipocytes.  However,  the  fact  that  this  receptor  is  ex¬ 
pressed  in  a  variety  of  normal  and  tumor  tissues  suggests  an 
additional  role.  Because  of  the  antitumor  effects  observed  by 
other  members  of  the  J  series  of  prostaglandins,  we  were 
interested  in  the  effect  of  15d-PGJ2  treatment  on  the  growth 
of  prostate  cancer  cel!  lines.  We  also  wanted  to  elucidate 
whether  the  mechanism  of  action  was  occurring  through  the 
PPAR-y,  for  which  ISd-PGJs  is  a  ligand.  In  our  study,  treat- 
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Fig.  8.  Effect  of  15d-PGJ2  treatment  on  the  mitochondrial  transmem¬ 
brane  potential  of  prostate  cancer  cells.  LNCaP,  PC-3,  and  DU145  pros¬ 
tate  cancer  cells  were  treated  with  1  Sd-PGJg  for  6  and  24  h.  Mitochondrial 
transmembrane  potential  was  measured  using  a  mitochondria-specific 
fluorescent  probe,  JC-1.  Red  and  green  fluorescence  were  measured 
simultaneously  by  FACS  analysis  [excitation  at  488  nm;  emission  530  nm 
(green  fluorescence)  and  585  nm  (red  fluorescence)].  Events  (20,000)  were 
measured,  and  the  number  of  red  or  green  events  is  expressed  as  a 
percentage  of  the  total  (n  =  3).  P  <  0.05.  El,  red  fluorescence:  ■,  green 
fluorescence. 


merit  with  15cI-PGJ2  results  in  cell  death  at  high  and  low 
concentrations  in  both  hormone-sensitive  and  hormone- 
resistant  human  prostate  cancer  cells. 

Our  studies  have  demonstrated  that  PPAR-7  is  expressed 
in  three  of  the  commonly  studied  metastatic  prostate  cancer 
cell  lines,  LNCaP,  PC-3,  and  DU145  (47),  as  well  as  in  human 
benign  and  cancerous  prostatic  tissues.  Interestingly,  we 
have  found  that  PPAR-y2  is  up-regulated  by  low  concentra¬ 
tions  of  15d-PGJ2  in  a  time-dependent  manner.  PPAR-72 
usually  is  expressed  more  specifically  in  fat  cells.  However, 
we  could  not  demonstrate  any  adipogenic  differentiation  of 
treated  prostate  cancer  cells.  In  addition,  at  10  /lcm  of  15d- 
PGJ2,  PPAR-72  was  only  inducible  in  DU145  cells.  Although 


the  phenomenon  seems  to  be  very  interesting,  no  plausible 
explanation  can  be  offered  at  the  present  time.  Thus,  the  role 
of  differentially  expressed  PPAR-72  in  prostatic  cancer  cell 
death  is  not  clear. 

The  obvious  difference  between  PPAR-72  and  PPAR-7I  is 
30  additional  amino  acids  at  the  NHg  terminus  of  the  72 
isoform  (18,  19).  Werman  et  al.  (48)  showed  that  the  NH2 
terminus  of  PPAR-72  activates  a  heterologous  promoter  to  a 
greater  degree  than  PPAR-7I .  However,  the  activation  do¬ 
main  was  mapped  to  a  common  region  in  both  isoforms.  As 
for  many  nuclear  receptors,  the  expression  of  specific  coac¬ 
tivators  in  a  particular  cell  type  has  been  suggested  as  a 
mechanism  to  confer  functional  specificity  to  receptors  or 
isoforms  of  receptors  that  bind  the  same  response  element. 
Therefore,  it  is  likely  that  two  isoforms  of  PPAR-7  are  used  to 
enable  different  factors  to  regulate  their  expression  and/or 
activity  to  meet  specific  biological  requirements.  Of  the  two 
isoforms,  the  expression  of  PPAR-72  is  influenced  more  by 
changes  in  the  nutritional  status  of  an  animal,  such  as  obesity 
or  starvation  (48).  Because  we  showed  that  PPAR-72  can  be 
differentially  regulated  by  different  concentrations  of  15d- 
PGJ2  in  prostate  cancer  cells,  the  regulatory  mechanisms 
may  deserve  further  investigation. 

Recently,  high  levels  of  PPAR-7  were  reportedly  ex¬ 
pressed  in  prostate  cancer  tumors  (49);  therefore  the  avail¬ 
ability  of  ligand  may  be  an  important  factor  for  the  action  of 
PPAR-7  as  a  negative  regulator  of  prostate  cancer  cell 
growth.  Production  of  certain  prostaglandins  may  be  mod¬ 
ulated  by  the  amount  of  w-3  versus  w-6  fatty  acids  ingested 
in  the  diet.  Although  the  amount  of  1 5d-PGJ2  in  the  prostate 
has  not  been  determined,  the  prostate  gland  does  produce 
large  amounts  of  prostaglandins  (50-52).  In  fact,  the  prostate 
has  the  capacity  to  produce  prostaglandin  D2,  which  can  be 
spontaneously  converted  to  15d-PGJ2,  the  terminal  metab¬ 
olite  of  this  prostaglandin  series  (53).  Therefore,  the  modu¬ 
lation  of  15d-PGJ2  via  “good”  fat  in  the  diet  presents  a  novel 
therapeutic  and  potential  preventive  method  for  treating 
prostate  cancer.  However,  PPAR-7  can  be  activated  by  a 
number  of  ligands;  therefore,  the  level  of  15d-PGJ2  alone 
may  not  be  as  important  as  the  total  amount  of  available 
ligand. 

PPAR-7  is  known  to  cause  cell  cycle  withdrawal  preceding 
adipocyte  differentiation  (54).  Cell  cycle  withdrawal  in  pre¬ 
adipocytes  correlates  with  a  large  decrease  in  the  DNA  bind¬ 
ing  and  transcriptional  activity  of  E2F/DP,  a  growth -related 
transcription  factor.  Because  the  discovery  of  natural  and 
synthetic  ligands  for  PPAR-7,  a  potential  therapy  for  a  num¬ 
ber  of  cancers  has  been  suggested.  This  therapy  uses  a 
mechanism  of  growth  inhibition  by  terminal  differentiation  of 
the  cancer  cells  into  adipocytes  via  PPAR-7  activation.  Al¬ 
though  this  theory  has  shown  potential  in  breast  and  lipo- 
sarcoma  cancers  (31-32,  55),  we  and  others  have  found  no 
evidence  that  terminal  differentiation  Is  occurring  in  prostate 
cancer  cells  (49).  However,  the  accumulation  of  cells  in  the 
S-phase  of  the  cell  cycle  after  15d-PGJ2  treatment  (more 
pronounced  for  PC-3  and  DU145  cell  lines)  was  unexpected. 
Because  other  members  of  the  prostaglandin  J  series  have 
been  shown  to  cause  G^  arrest  at  lower  doses  and  at  higher 
concentrations  cause  G2-M  arrest  leading  to  apoptosis,  we 
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Table  2  Mean  fluorescence  values  of  mitochondria!  mass  and  in  15d-PGJ2'treated  cells  (relative  to  control  cells) 

Green  and  red  fluorescence  are  expressed  as  a  ratio  of  treated:control.  Decreasing  red  fluorescence  indicates  a  loss  of  mitochondrial  transmembrane 
potential  in  correlation  with  increasing  green  fluorescence  ratio. 


10  /xM  ISd'PGJg  2.5  jxM  15d-PGJ2 


6  h 

24  h 

6  h 

24  h 

JC-1  red 

0.87  ±  0.04^ 

0.74  ±  0.05^ 

0.89  ±  0.04® 

0.85  ±  0.01® 

LNCaP 

JC-1  green 

2.16  ±  0.44^ 

2.19  ±0.35^ 

1.59  ±0.26® 

1.73  ±  0.20® 

Red/green 

0.4  ±  0.11^ 

0.25  ±  0.05^ 

0.56  ±  0.13® 

0.49  ±  0.07® 

JC-1  red 

0.91  ±  0.03^ 

0.43  ±  0.03^ 

1  ±  0.02 

0.96  ±  0.05 

PC-3 

JC-1  green 

2.34  ±  0.58^ 

5.28  ±  0.57^ 

0.97  ±0.13 

1.28  ±  0.18 

Red/green 

0.39  ±0.12^ 

0.08  ±  0.01^ 

1.03  ±  0.16 

0.75  ±  0.19 

JC-1  red 

0.89  ±  0.01^ 

0.56  ±  0.03^ 

0.98  ±  0.01® 

0.83  ±  0.08® 

DU145 

JC-1  green 

4.07  ±  0.62^ 

5.53  ±  0.52^ 

1.49  ±  0.47 

2.4  ±  0.85® 

Red/green 

0.22  ±  0.04^ 

0.1  ±  0.01® 

0.66  ±  0.19® 

0.35  ±  0.20® 

®  P  <  0.05  versus  control. 


thought  similar  events  would  occur  with  1 5d-PGJ2  treatment 
(56,  57),  Many  assays  used  to  detect  apoptotic  events 
showed  that  this  was  not  the  case.  In  fact,  the  effect  of 
1 5d-PGJ2  on  prostate  cancer  cells  is  the  induction  of  rapid 
detachment  of  the  cells  by  6  h  of  treatment  and  ending  with 
the  majority  of  cells  dead  at  24  h. 

PI  and  trypan  blue  staining  assays  showed  that  polar  dyes 
were  able  to  be  taken  up  by  a  large  majority  of  the  cells  at 
about  the  same  time  that  detachment  from  the  culture  dish 
was  occurring,  which  taken  alone  could  be  indicative  of 
necrosis.  Studies  at  the  electron  microscopy  level  showed 
that  many  of  the  typical  signs  of  necrosis  are  not  occurring  in 
these  prostate  cancer  cells  treated  with  15d-PGJ2.  In  fact, 
many  of  the  morphological  changes  occurring  in  these  cells 
as  a  result  of  15d-PGJ2  treatment,  for  example,  loss  of 
microvilli,  vacuolization  of  the  cytoplasm,  chromatin  conden¬ 
sation  without  nuclear  fragmentation,  and  loss  of  cytoplas¬ 
mic  structures  are  indicative  of  type  2  (autophagic)  pro¬ 
grammed  cell  death  (58).  This  form  of  cell  death  is 
characterized  primarily  by  the  formation  of  autophagic  vacu¬ 
oles,  together  with  the  occasional  dilation  of  mitochondria 
and  endoplasmic  reticulum  (59,  60).  Although  autophagic 
vacuoles  were  seen  in  only  a  small  percentage  of  cells 
treated  with  15d-PGJ2,  dilated  endoplasmic  reticulum  was 
observed  in  almost  all  cells.  Autophagy  does  not  directly 
destroy  the  plasma  membrane  (by  definition)  or  the  Intact 
nucleus,  probably  because  of  Its  size.  However,  plasma 
membrane  changes  are  seen  in  cells  undergoing  autophagic 
cell  death.  This  is  more  pronounced  in  epithelial  cells  that 
lose  microvilli  and/or  junctional  complexes  (60-63)  and  can 
clearly  be  seen  to  occur  In  our  cell  culture  system  upon 
treatment  with  15d-PGJ2.  This  may  account  for  the  loss  of 
plasma  membrane  Integrity  inferred  by  the  uptake  of  PI  and 
trypan  blue  dyes.  The  nuclear  degradation  reported  in  auto¬ 
phagic  cell  death  Is  by  no  means  as  prevalent  or  striking  as 
that  seen  in  apoptosis,  although  In  some  cases  of  these 
types  of  cell  death  pyknotic  nuclei  are  reported  (60,  64).  In  all 
cases,  the  nuclei  of  the  treated  cells  in  our  study  remained 
Intact,  although  a  certain  amount  of  chromatin  condensation 
was  seen  to  occur.  The  lack  of  DMA  fragmentation  after 


nuclear  condensation  in  these  cells  suggests  that  they  may 
already  have  lost  their  ATP  because  of  decreased  mitochon¬ 
drial  function  (see  below)  and  plasma  membrane  integrity. 
Therefore,  they  are  not  able  to  further  process  chromatin, 
which  requires  energy,  and  proceed  along  the  apoptotic 
pathway  (65). 

One  Interpretation  of  the  role  of  autophagy  Is  that  it  pro¬ 
tects  the  cell  rather  than  destroying  it  by  degrading  restricted 
parts  of  the  cytoplasm  through  autolysis  and  segregation, 
thus  protecting  the  rest  of  the  cell  (59).  This  protective  mech¬ 
anism  may  be  occurring  in  these  prostate  cancer  cells 
treated  with  15d-PGJ2  because  this  treatment  also  induces 
the  expression  of  heat  shock  protein  70,^  which  plays  a  role 
in  the  stress  response  of  cells  and  may  be  up-regulated  in  an 
attempt  to  evade  death  (66-69). 

For  many  years,  it  has  been  known  that  mitochondria  play 
a  central  role  in  the  mechanism  of  necrotic  cell  death,  but 
only  recently  has  this  role  been  extended  to  include  apo¬ 
ptosis  (reviewed  in  Refs.  70  and  71).  Although  we  believe  that 
the  mechanism  of  cell  death  occurring  in  our  system  is 
neither  necrosis  nor  apoptosis,  the  involvement  of  mitochon¬ 
dria  in  the  mechanism  of  cell  death  cannot  be  ruled  out. 
Mitochondria  are  the  primary  organelles  targeted  for  auto¬ 
phagy  in  type  2  cell  death  and  appear  to  be  engulfed  by 
dilated  endoplasmic  reticulum  in  some  of  the  cells  in  our 
study.  Therefore,  we  looked  at  the  functioning  of  mitochon¬ 
dria  after  treatment  with  15d-PGJ2  by  studying  their  trans¬ 
membrane  potential.  JC-1  is  a  fluorogenic  molecule  widely 
used  for  the  purpose  of  measuring  mitochondrial  transmem¬ 
brane  potential  (44,  45).  Treatment  with  15d-PGJ2  does  in¬ 
deed  greatly  reduce  the  mitochondrial  transmembrane  po¬ 
tential  in  all  three  cell  lines,  starting  at  6  h  of  treatment.  By 
24  h,  the  effect  Is  greatly  pronounced,  particularly  in  DU145 
and  PC-3  cells.  It  has  been  shown  that  the  expression  of  an 
important  group  of  proteins,  the  uncoupling  proteins,  in¬ 
volved  in  the  uncoupling  of  oxidative  phosphorylation  from 
ATP  syhthesis,  is  regulated  by  PPAR-y.  The  uncoupling  pro- 
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teins  are  transmembrane  proteins  found  in  the  inner  mito¬ 
chondrial  membrane,  predominantly  in  brown  adipose  tissue 
and  skeletal  muscle  (72).  Whether  these  uncoupling  proteins 
play  a  role  in  the  decreased  mitochondrial  transmembrane 
potential  observed  in  our  cells  remains  a  subject  of  ongoing 
investigation  in  our  laboratory. 

In  addition  to  decreased  mitochondrial  function  in  cells 
after  1 5d-PG J2  treatment,  we  also  observed  the  clustering  of 
mitochondria  in  a  perinuclear  position  rather  than  the  dis¬ 
persed  cytoplasmic  distribution  as  seen  in  control  cells.  Mi¬ 
tochondria  and  microtubules  have  long  been  documented  to 
colocalize  in  many  cell  types  (reviewed  in  Ref.  73).  The  in¬ 
volvement  of  microtubules  in  the  positioning  of  mitochondria 
is  supported  by  evidence  that  mitochondria  redistribute  in 
mammalian  cells  treated  with  microtubule  destabilizing 
agents  (74,  75).  The  microtubule-based  motor  proteins,  ki- 
nesin  and  cytoplasmic  dyenin,  bind  microtubules  and  trans¬ 
duce  chemical  energy  into  mechanical  work  as  they  hydro¬ 
lyze  ATP  to  enable  polarized  movement  of  “cargo^'  along 
microtubules  (76).  Recently,  disruption  of  kinesin  motor  ac¬ 
tivity  has  been  shown  to  cause  a  perinuclear  pattern  of 
mitochondrial  localization  attributable  to  the  loss  of  polarized 
movement  to  the  periphery  of  the  cell  (77,  78).  Therefore,  we 
suggest  that  ISd-PGJg  may  affect  mitochondria!  functioning 
by  causing  mitochondrial  membrane  depolarization,  leading 
to  the  uncoupling  of  oxidative  phosphorylation  from  ATP 
synthesis  and  ultimately  to  cel!  death. 

In  summary,  we  demonstrate  that  a  ligand  for  PPAR-7, 
ISd-PGJg,  induces  nonapoptotic  cell  death  in  human  pros¬ 
tate  cancer  cells.  We  suggest  that  PPAR-y  is  a  negative 
regulator  of  prostate  cancer  cell  growth.  It  Is  apparent  from 
our  studies  that  both  mitochondrial  and  plasma  membrane 
disturbances  are  involved  in  the  mechanism  of  cell  death. 
However,  further  investigation  into  the  downstream  events 
activated  by  PPAR-yto  induce  cell  death  is  required  if  mod¬ 
ulation  of  ligands  for  this  receptor  is  to  form  a  significant 
means  of  preventing  or  treating  prostate  cancer. 

Materials  and  Methods 

Cell  Culture 

LNCaP,  DU145,  PC-3,  and  3T3-L1  cells  were  obtained  from  the  American 
Type  Culture  Collection.  All  cells  were  maintained  in  a  humidified  atmo¬ 
sphere  of  95%  air  and  5%  CO^  at  37“C.  Cells  (7.5  X  10^  per  ml)  were 
seeded  in  24-weli  culture  plates  in  RPMl  1640  supplemented  with  5% 
serum  and  incubated  for  3  days.  The  medium  was  changed  to  serum- 
free/phenol  red-free  RPMl  1640  24  h  prior  to  treatment.  To  differentiate 
3T3-L1  cells  (79),  the  cells  were  treated  with  0.25  dexamethasone,  0.5 
rriM  1 -methyl-3-isobutylxanthine.  and  1  ^ig/ml  insulin.  After  48  h.  cells 
were  switched  to  10%  PCS  medium  containing  1  ^g/ml  insulin.  Then  cells 
were  collected,  as  described  below,  for  Western  blotting. 

Chemicals 

All  prostaglandins  and  fatty  acids  were  purchased  from  Sigma  Chemical 
Co.  (St.  Louis,  MO)  with  the  exception  of  15d-PGJ2  (Caymen  Chemicals, 
Ann  Arbor,  Ml)  and  ciglitazone  (Biomol,  Plymouth  Meeting,  PA).  Stock 
solutions  were  prepared  and  stored  according  to  the  manufacturer’s 
specifications. 

Assays  of  Growth  Inhibition 

Cell  Viability  Assay.  After  treatment  with  ligands  at  varying  concen¬ 
trations  (described  in  the  text),  the  cells  were  incubated  for  an  additional 


6  days.  Cell  viability  was  determined  using  the  MTS  colorimetric  assay 
(Promega,  Madison,  Wl).  MTS  assay  reagents  (mixed  at  1  part  phenazine 
methosulfate  to  20  parts  MTS,  according  to  manufacturer’s  instructions) 
were  added  to  the  culture  medium  at  a  1 :6  dilution  (200  ^1/weil  for  24-weli 
plates  and  20  ^l/we!l  for  96-well  plates).  The  cells  were  incubated  for  90 
min  at  37°C,  and  the  absorbance  was  measured  at  490  nm  using  a  plate 
reader  (80,  81).  Each  experiment  was  carried  out  in  quadruplicate  and 
repeated  at  least  three  times. 

DNA  Synthesis  Assay.  Cell  proliferation  was  determined  by  meas¬ 
urement  of  bromodeoxyuridine  incorporation  during  DNA  synthesis  via  a 
nonradioactive  colorimetric  assay  (Ref.  82;  Roche,  Indianapolis,  IN).  Ceils 
were  treated  with  2.5  and  10  (im  ISd-PCJ^,  and  the  amount  of  bromode¬ 
oxyuridine  incorporation  over  an  18-h  period  was  measured  at  24  and 
48  h.  The  assay  was  carried  out  according  to  the  manufacturer’s  instruc¬ 
tions.  The  substrate  reaction  was  measured  without  stop  solution  at  a 
wavelength  of  370  nm  on  an  ELISA  plate  reader. 


Staining  Assays  for  Cell  Death  and  Plasma  Membrane  Integrity 
For  all  staining  assays,  celts  were  treated  with  2.5  and  10  fiwi  15d-PGJ2, 
stained,  and  counted  at  2,  4,  and  6  h. 

PI  Staining.  Stock  solutions  of  PI  (Sigma;  1  mg/ml)  were  dissolved  in 
PBS  and  stored  at  4'’C.  Cells  were  incubated  with  PI  at  a  final  concen¬ 
tration  of  1  jLig/ml  for  5  min  at  37°C. 

Hoechst  33258  Staining.  Stock  solutions  of  Hoechst  33258  (Sigma; 

10  mg/ml)  were  dissolved  in  PBS  and  stored  at  — 20°C.  Cells  were  incu¬ 
bated  with  Hoechst  33258  at  a  final  concentration  of  5  for  5  min  at 
37°C.  Cells  were  washed  gently  with  PBS,  and  red  cells  (PI)  or  blue  cells 
(Hoechst  33258)  were  visualized  by  fluorescence  microscopy  using  an 
Axiophot  microscope  (Zeiss,  Inc.).  Appropriate  excitation  filters  were  used 
(PI:  546  nm  excitation  and  590  nm  emission;  Hoechst  33258;  365  nm 
excitation  and  420  nm  emission).  The  number  of  red  cells  per  500  blue 
cells  was  counted  and  expressed  as  a  percentage  of  the  total. 

Tt7pan  Blue  Staining.  Adherent  cells  were  harvested  by  trypsiniza- 
tion  and  collected  by  centrifugation.  Nonadherent  cells  were  collected 
from  spent  media  by  centrifugation.  Cell  pellets  were  resuspended  in  100 
jul  of  fresh  media,  and  trypan  blue  solution  (Sigma)  was  added  at  a  ratio 
of  1 :1.  Blue  cells  were  counted  as  a  percentage  of  a  total  of  500  cells. 

Western  Blotting.  Total  cell  lysates  were  prepared  from  each  cell  line 
after  treatment  with  ISd-PGJs-  Adherent  and  nonadherent  cells  were 
collected  by  low-speed  centrifugation  and  washed  with  PBS.  Cel!  pellets 
were  gently  resuspended  in  RIPA  buffer  [PBS  containing  1  %  NP-40. 0.5% 
sodium  deoxychotate,  0.1%  SDS  plus  freshly  added  protease  inhibitors, 
100  j(xg/ml  phenylmethylsulfonyl  fluoride.  30  /Lil/ml  aprotinin  (from  Sigma 
stock  solution),  and  1  mw  sodium  orthovanadate].  Benign  and  cancerous 
tissues  were  homogenized  in  RIPA  buffer.  All  samples  were  disrupted  and 
homogenized  by  passage  through  a  21 -gauge  needle  and  incubated  for 
30  min  on  ice.  Additional  phenylmethylsulfonyl  fluoride  was  added  to  a 
final  concentration  of  100  ixg/m\.  Samples  were  centrifuged  for  20  min  at 
15,000  X  g  in  a  microcentrifuge  at  4'’C,  and  the  supernatants  (total  cell 
lysates)  were  collected  and  stored  at  -20'’C.  Protein  concentration  was 
determined  using  a  detergent-compatible  protein  assay  (Bio-Rad,  Hercu¬ 
les,  CA),  according  to  the  manufacturer’s  instructions.  Equivalent 
amounts  of  protein  were  separated  in  precast  SDS-polyacrylamide  gels 
(Novex,  San  Diego,  CA)  and  transferred  to  nitrocellulose  membranes 
(Bio-Rad).  Transfer  and  protein  loading  were  checked  by  Ponceau  S 
staining  prior  to  blocking  the  membrane  with  5%  milk/TBS-Tween  20  (1  h 
at  room  temperature).  Blocked  membranes  were  incubated  overnight  with 
either  anti-PPAR-y  polyclonal  antibody  (BioMol,  Plymouth  Meeting,  PA; 
1:2000  dilution),  anti-C/EBPa  polyclonal  antibody  (Santa  Cruz;  1:500  di¬ 
lution),  or  anti-C/EBPi3  polyclonal  antibody  (Santa  Cruz;  1:500  dilution). 
Three  10-min  washes  in  TBS-Tween  20  (20  mM  Tris-HCl,  137  mM  NaCI, 
and  0.1%  Tween  20,  pH  7.6)  were  carried  out  between  antibody  steps, 
followed  by  incubation  with  antirabbit  secondary  antibody  conjugated  to 
horseradish  peroxidase  (Amersham,  Arlington  Heights,  IL;  1:2000  dilution) 
for  1  h  at  room  temperature.  Immunoreactivity  was  detected  using  the 
enhanced  chemiluminescence  development  method  (Renaissance;  Du¬ 
Pont  NEN,  Boston,  MA). 

Cell  Cycle  Analysis.  Cell  cycle  analysis  was  performed  on  cells 
treated  with  2.5  and  10  /xm  15d-PGJ2  for  24  and  48  h.  Adherent  and 
nonadherent  cells  were  collected  by  centrifugation,  washed  with  PBS,  and 
fixed  in  95%  ethanol  for  10  min  on  ice.  The  cells  were  pelleted,  washed 
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with  PBS,  and  resuspended  in  20  /xg/ml  PI  in  PBS  containing  200 
RNase.  Samples  were  incubated  for  1  h  at  37°C  and  subjected  to  FACS 
analysis  (Becton  Dickinson,  Bedford,  MA). 

Northern  Blotting.  Cells  were  treated  with  varying  amounts  of  15d- 
PGJ2  and  1  nw  mibolerone  as  indicated,  and  RNA  was  collected  by  the 
guanidinium  isothiocyanate  method  (83).  An  RNA  gel  was  run  and  trans¬ 
ferred  onto  a  nylon  membrane  according  to  the  GeneScreen  protocol  by 
New  England  Nuclear.  Twenty  fxg  of  total  RNA  were  loaded  in  each  lane, 
cDNAs  for  PSA,  aP2,  and  glyceraldehyde-3-phosphate  dehydrogenase 
were  used  as  probes  labeled  with  [P^^jdCTP  by  random  priming.  The 
hybridization  was  performed  by  prehybridizing  the  membranes  for  4  h  with 
a  hybridization  buffer  containing  7%  SDS,  1  mM  EDTA,  and  0.25  m  sodium 
phosphate,  pH  7.2.  The  probes  were  added  to  fresh  buffer  and  hybridized 
overnight.  The  membranes  were  washed  with  a  washing  buffer  containing 
0.1  X  SSC  +  0.1%  SDS.  The  films  were  autorad  log  rap  hed  at  -70'’C. 

Oil  Red  O  Staining.  Oil  red  O  staining  of  neutral  lipid  accumulation 
within  cells  was  measured  using  a  spectrophotometric  method  (84).  Cells 
were  grown  in  24-well  plates  and  treated  with  a  range  of  concentrations 
of  ISd-PGJs  and  incubated  at  37®C  for  4  days.  Nonadherent  cells  were 
pelleted  by  centrifugation  in  a  centrifuge  with  adaptors  for  24-well  plates. 
The  medium  was  removed,  and  cells  were  fixed  in  3%  paraformaldehyde 
for  1  h  at  4°C.  Cells  were  washed  with  PBS  and  stained  with  a  0.5% 
solution  of  oil  red  O  (dissolved  in  methanol  and  filtered)  for  1 5  min  at  room 
temperature.  Cells  were  washed  with  PBS,  and  oil  red  O  was  extracted  by 
addition  of  200  fx\  isopropanoi.  The  extracted  samples  were  transferred  to 
a  clean,  96-well  plate,  and  the  absorbance  was  measured  at  510  nm  using 
an  ELISA  plate  reader.  The  experiment  was  carried  out  in  quadruplicate 
and  repeated  at  least  three  times. 

Characterization  of  Nuclear  Morphology.  Cells  (7.5  x  10"^  per  ml) 
were  seeded  onto  10-cm  dishes  and  incubated  as  above.  After  24  h  in 
serum -free/phenol  red-free  medium,  cells  were  treated  with  10  /im  15d- 
PGJg  and  incubated  for  48  h.  The  cells  were  collected  by  centrifugation, 
washed  twice  with  PBS,  and  fixed  for  5  min  at  4°C  with  3%  paraformal¬ 
dehyde  in  PBS.  The  cells  were  collected  and  resuspended  in  H2O  for  1 
min  for  rehydration  and  repelleted.  The  cells  were  stained  with  0.3  /xg/ml 
Hoechst  33258  for  5  min  at  room  temperature.  The  stained  cells  were 
centrifuged  and  washed  once  with  PBS  and  resuspended  in  an  appropri¬ 
ate  volume  of  PBS  (200  /xl;  Ref.  85),  The  stained  nuclei  were  viewed  by 
fluorescent  microscopy  using  an  Axiophot  microscope  (Zeiss,  Inc.).  Ap¬ 
propriate  excitation  filters  were  used  (365  nm  excitation;  420  nm  emis¬ 
sion). 

DNA  Fragmentation  Gel  Electrophoresis.  DNA  fragmentation  in 
cells  treated  with  2.5  and  10  /xm  15d-PGJ2  was  analyzed  by  gel  electro¬ 
phoresis  at  24-,  48-,  and  72-h  time  points  using  the  method  of  Gunji  eta!. 
(86),  Adherent  and  nonadherent  cells  were  collected  by  scraping,  followed 
by  centrifugation  at  1000  rpm  for  10  min.  The  cell  pellets  were  resus¬ 
pended  in  20  /Lxl  of  50  mM  Tris-HCI  (pH  8.0),  10  mM  EDTA,  and  0.5  mg/ml 
proteinase  K  solution  and  incubated  for  1  h  at  50°C.  RNase  A  solution  (1 0 
/LxI  of  a  0.5  /xg/ml  stock)  was  added,  and  the  samples  were  incubated  for 
1  h  at  50°C.  Samples  were  loaded  onto  a  1%  (w/v)  agarose  gel  after 
addition  of  10  /xl  of  preheated  (70°C)  loading  buffer  containing  10  mM 
EDTA  (pH  8.0),  1  %  (w/v)  low-melting  point  agarose,  0.25%  (w/v)  brom- 
phenol  blue,  and  40%  (w/v)  sucrose.  The  wells  were  sealed  with  1  %  (w/v) 
low-melting  point  agarose  prior  to  the  addition  of  running  buffer  to  the 
tank.  Samples  were  electrophoresed  at  25  V  overnight  at  4°C.  DNA  was 
visualized  by  ethidium  bromide  staining. 

Analysis  of  PARP  Cleavage.  Ceil  lysates  from  1 5d-PG  J2-treated  cells 
were  prepared  according  to  the  method  of  Shah  et  al.  (87)  with  minor 
modifications.  Cells  were  harvested  at  various  time  points,  collected  by 
centrifugation,  and  washed  with  PBS.  Repelleted  cells  were  lysed  in 
sample  buffer  [62.5  mM  Tris-HCI  (pH  6.8),  6  m  urea,  1 0%  glycerol,  2%  SDS, 
0.00125%  bromphenol  blue,  and  5%  j3-mercaptoethanol,  freshly  added]. 
Analysis  of  the  M,  116,000  PARP  protein  and  its  89,000  cleavage 
product  was  carried  out  by  separation  on  8%  SDS-PAGE  gels,  followed 
by  Western  blotting,  as  described  above.  Anti-PARP  polyclonal  antibody 
(1 :2000  dilution;  Roche)  was  used  to  visualize  specific  bands. 

Inhibition  of  Caspase  Activity.  Cells  were  treated  with  a  caspase 
inhibitor,  over  a  range  of  concentrations  (10-200  jlim),  for  1  h  prior  to 
treatment  with  5  and  10  15d-PGJ2.  The  caspase  inhibitor  used  was 

Z-Val-Ala-DL-Asp-fluoromethylketone  dissolved  in  DMSO  (Bachem,  Tor¬ 
rance,  GA;  Ref.  88).  Inhibition  of  cell  death  was  assessed  by  the  MTS 
assay  at  various  time  points  as  described  previously. 


Transmission  Electron  Microscopy.  Cells  were  treated  with  2.5  and 
10  /xM  15d-PGJ2  for  24  h  prior  to  preparation  for  electron  microscopy. 
Apoptosis  and  necrosis  control  samples  were  prepared  by  treating  the 
cells  with  the  calcium  ionophore  A23187  for  2  h  at  2  and  20  ^m,  respec¬ 
tively.  Cells  were  rinsed  in  warm  PBS,  harvested  by  gentle  scraping,  and 
pelleted  by  centrifugation.  Cell  pellets  were  resuspended  in  Trump’s  fix¬ 
ative  (1  %  gluteraldehyde  and  4%  formaldehyde  in  0.1  m  phosphate  buffer, 
pH  7.2;  Ref.  89),  preheated  to  37°C  for  1  h  at  room  temperature.  Pelleted 
ceils  were  rinsed  three  times  with  0.1  m  phosphate  buffer  (pH  7.2)  and 
incubated  in  1  %  osmium  tetraoxide  (phosphate  buffered)  for  1  h.  Cells 
were  washed  with  rinse  buffer,  followed  by  three  washes  with  double- 
distilled  H2O.  Samples  were  incubated  with  1  %  uranyl  acetate  for  1  h  at 
room  temperature,  dehydrated  in  graded  ethanol,  infiltrated,  and  embed¬ 
ded  in  100%  Spurr’s  resin  (90).  Thin  (90-nm)  sections  were  cut  on  a 
Reichert  Ultracut  E  ultramicrotome,  placed  on  mesh  copper  grids,  and 
stained  with  lead  citrate.  Micrographs  were  taken  on  a  JEOL  1200  EXIi 
transmission  electron  microscope  (JEOL.  Peabody,  MA)  operating  at 
60  kV. 

Mitochondria!  Membrane  Potential  Analysis.  Mitochondrial  func¬ 
tion  was  assessed  indirectly  by  measuring  the  variation  in  mitochondrial 
transmembrane  potential  measured  by  JC-1  (Molecular  Probes,  Eugene, 
OR)  red  fluorescence  using  flow  analysis  (44,  45).  Both  red  and  green 
fluorescence  emissions  were  analyzed  after  JC-1  staining  using  the 
method  of  Mancini  et  al.  (46).  Cells  treated  with  2.5  and  10  ^xm  15d-PGJ2 
for  6  and  24  h  were  collected  by  trypsinization,  followed  by  centrifugation. 
Cell  pellets  were  resuspended  in  500  /xl  of  medium  containing  10  /xg/ml 
JC-1  and  incubated  for  1 0  min  at  37°C  before  flow  analysis.  FACScan 
(Becton  Dickinson,  Bedford,  MA)  was  used  to  establish  size  gates  and 
exclude  cellular  debris.  For  each  experimental  time  point,  15d-PGJ2- 
treated  and  control  cells  were  analyzed.  The  excitation  wavelength  was 
488  nm.  The  emission  wavelengths  were  530  nm  for  green  fluorescence 
and  585  nm  for  red  fluorescence.  Events  (20,000)  were  analyzed  per 
sample,  and  the  relative  change  in  mean  fluorescence  was  calculated  as 
the  ratio  of  the  1 5d-PG J2-treated  to  control  samples. 
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Abstract 

The  biological  modifier  A‘^-prostaglandin  J2  and  related  prostaglan¬ 
dins  have  been  reported  to  have  significant  grovi'th-inhibitory  activity  with 
induction  of  heat  shock  proteins  (Hsps).  Tumor-derived  Hsps  have  been 
shown  previously  to  elicit  specific  immunity  to  tumors  from  which  they 
are  isolated.  In  this  study,  15-deoxy-A'^’*'^-prostaglandin  J2  (15d-PGJ2)- 
induced  Hsp70  was  purified  from  transgenic  adenocarcinoma  mouse  pros¬ 
tate  cells  (TRAMP-C2).  It  was  then  tested  for  its  ability  to  activate  specific 
CTLs  and  induce  protective  immunity  against  prostate  cancer  in  C57BL/6 
mice.  Treatment  of  cells  with  8.0  fxM  15d-PGJ2  for  24  h  caused  significant 
induction  of  Hsp70  expression.  The  yield  of  Hsp70  purified  from  15d- 
PGJ2-treated  cells  was  4 -5-fold  higher  when  compared  with  untreated 
TRAMP-C2  cells.  Vaccination  of  mice  with  Hsps  isolated  from 
TRAMP-C2  cells  elicited  tumor-specific  CTLs  and  prevented  the  growth 
of  TRAMP-C2  tumors.  These  results  indicate  that  the  induced  heat  shock 
proteins  may  have  promising  applications  for  antitumor,  T-cell  immuno¬ 
therapy.  In  particular,  these  findings  have  important  implications  for  the 
development  of  novel  anticancer  therapies  aimed  at  promoting  an  immune 
response  to  prostate  tumors. 

Introduction 

Prostate  cancer  in  its  early  stages  is  amenable  to  surgery,  radiation 
treatment,  and  hormone  therapy.  The  major  concern  is  that  the  prog¬ 
nosis  for  late-stage  metastatic  prostate  cancer  is  poor.  Manipulation  of 
the  immune  system  appears  to  be  a  promising  means  that  may  allow 
elimination  of  metastatic  cells.  However,  most  human  cancer  cells  are 
not  sufficiently  immunogenic  to  trigger  an  immune  response  in  vivo 
(1-3).  One  possible  reason  for  this  lack  of  tumor  cell  immunogenicity 
is  that  most  tumor  antigens  are  either  masked  or  inaccessible.  One  of 
the  most  effective  ways  to  stimulate  antitumor  immunity  has  been  to 
promote  cross-priming  of  CTLs  by  host  professional  antigen-present¬ 
ing  cells  (4,  5).  Cross  presentation  is  thought  to  occur  when  antigen- 
presenting  cells  take  up  Hsps^  (6)  and  may  represent  a  mechanism  for 
inducing  immunotherapy  for  prostate  cancer. 

The  antiproliferative  activity  of  15d-PGJ2  causes  nonapoptotic  cell 
death  in  prostate  tumor  cells  (7).  The  growth-inhibitory  effect  of 
A*^-PGJ2  on  tumor  cells  involves  the  induction  of  Hsp70  synthesis 
(8).  Hsp  overexpression  leads  to  an  increased  chaperoning  of  anti¬ 
genic  peptides  into  a  particular  subset  of  macrophages  or  other  anti- 
gen-presenting  cells,  leading  to  their  efficient  presentation  via  class  I 
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or  class  II  pathways  (9,  10).  Heat  shock  proteins  activate  the  resting 
antigen-presenting  cells  to  take  up  and  process  the  tumor  antigens  and 
up-regulate  the  expression  of  costimulatory  molecules  necessary  for 
T-cell  activation  (6).  There  is  now  comprehensive  experimental  evi¬ 
dence  that  the  antigenicity  of  tumor-derived  Hsp70  and  gp96  prepa¬ 
rations  results  from  diverse  arrays  of  endogenous  peptide  antigens 
complexed  with  the  Hsps  (11).  Therefore,  Hsps  isolated  from  a 
patient’s  tumor  represent  a  customized,  patient-specific,  pan- valent 
vaccine.  This  is  because  the  Hsps  chaperone  an  entire  array  of  anti¬ 
genic  peptides  generated  by  a  tumor,  instead  of  one  or  a  few  selected 
antigenic  epitopes  (12). 

Several  animal  tumor  models  have  examined  the  role  of  Hsps  in 
antitumor  responses.  Vaccination  of  mice  with  Hsp  preparations  de¬ 
rived  from  autologous  tumor  cells  have  been  shown  to  cause  resis¬ 
tance  to  a  subsequent  challenge  with  live  cancer  cells  in  Zajdela 
ascitic  hepatoma,  in  Meth  A  fibrosarcoma,  and  in  B16  melanoma  cells 
(13-15).  This  phenomenon  has  been  shown  with  three  major  Hsps, 
gp96,  Hsp90,  and  Hsp70.  When  the  relative  immunogenicities  of  the 
Hsps  are  compared  in  the  Meth  A  sarcoma,  the  immunogenicity  of 
Hsp90  was  ~10%  that  of  gp96  or  Hsp70  (16).  In  the  poorly  immu¬ 
nogenic  UV-induced  mouse  carcinomas,  vaccination  with  gp96  prep¬ 
aration  has  been  shown  to  elicit  CTL  and  memory  T-cell  responses  in 
addition  to  tumor  prevention  (17).  These  results  illustrate  that  differ¬ 
ent  Hsps  may  have  different  antigenic  responses  in  various  tumors. 

Recent  studies  in  the  Dunning  prostate  cancer  rat  model  showed 
tumor  preventive  response  by  vaccination  with  gp96,  with  delay  in  the 
development  of  tumor  (18).  However,  previous  work  has  not  inves¬ 
tigated  the  role  of  Hsps  in  the  ability  to  activate  tumor-specific  CTLs 
in  antiprostate  tumor  therapy  or  the  role  of  Hsp70  in  prostate  cancer 
immunotherapy.  Expression  of  Hsps  after  I5d-PGJ2  treatment  may 
provide  a  functional  signal  to  the  immune  system  that  could  contribute 
to  the  breaking  of  tolerance  to  tumor  antigens  that  would  otherwise 
have  remained  immunological ly  hidden.  Therefore,  we  studied 
whether  15d-PGJ2-induced  Hsp  expression  may  have  an  effect  on 
recognition  of  prostate  tumor  cells  by  the  immune  system. 

In  our  study,  TRAMP-C2  cells  (transgenic  adenocarcinoma  mouse 
prostate  cancer  C2  cells)  from  the  TRAMP  model  were  used  to 
evaluate  the  antitumor  effect  of  Hsps  induced  by  15d-PGJ2  in  a 
prostate  cancer  model.  Previously,  Greenberg  et  al  (19)  described  a 
spontaneous  autochthonous  transgenic  mouse  model  for  prostate  can¬ 
cer.  In  this  mouse  model,  TRAMP  mice,  which  are  transgenic  for  the 
SV40  large  T  antigen  (Tag)  under  the  control  of  the  rat  probasin 
regulatory  elements,  express  Tag  at  puberty  (6  weeks  of  age;  Ref  20). 
The  probasin  regulatory  element  is  androgen  regulated  and  prostate 
specific  in  transgenic  mice  (21).  The  development  and  progression  of 
prostate  cancer  in  the  TRAMP  model  closely  mimics  the  human 
disease.  Three  cell  lines,  TRAMP-Cl,  TRAMP-C2,  and  TRAMP-C3 
were  obtained  from  a  32-week-old  TRAMP  mouse  prostate  adeno¬ 
carcinoma.  Cl  and  C2  are  transplantable  in  syngeneic  C57BL/6  mice. 
It  has  been  shown  that  Tag  is  not  expressed  in  Cl  and  C2  cells  in  vitro 
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or  in  vivo  (22),  We  used  TRAMP-C2  cells  to  investigate  whether 
15d-PGJ2-induced  tumor-derived  Hsp70  can  be  used  as  a  vaccine  to 
generate  a  specific  antitumor  immune  response  to  prostate  cancer  and 
to  protect  immune-competent  C57BL/6  mice  from  prostate  tumor 
growth. 

Materials  and  Methods 

Mice.  Male  C57BL/6  mice,  6-8  weeks  of  age  were  obtained  from  Jackson 
Laboratories  (Bar  Harbor,  ME).  Animals  were  housed  in  the  Mayo  Animal 
Resources  Facilities  under  controlled  temperature,  humidity,  and  a  12-h  of 
light  and  dark  cycle  with  food  and  water  ad  libitum  in  the  virus-free  mouse 
facility.  The  animals  were  allowed  to  acclimate  5  days  prior  to  the  experiment. 

Tumor  Cell  Lines.  TRAMP-C2  cell  lines  were  cultured  in  DMEM  sup¬ 
plemented  with  5%  Nu-serum  IV,  5%  FBS,  100  units/ml  penicillin,  100 
units/ml  streptomycin,  and  5  /xg/ml  insulin.  Murine  EL4  lymphoma  cell  line 
were  maintained  in  Iscove’s  modified  medium  with  5%  FCS,  4  /xl/l  )3- 
mercaptoethanol,  and  10  fig/ml  gentamicin. 

Treatment  of  Cell  Lines  with  15d-PGJ2.  15d-PGJ2  was  obtained  from 
Cayman  Chemical  Company  as  a  solution  in  methyl  acetate.  The  solvent  is 
changed  to  ethanol  by  evaporation  of  methyl  acetate  under  a  gentle  stream  of 
nitrogen.  TRAMP-C2  and  EL4  lymphoma  cells  were  seeded  in  10-cm  culture 
dishes  at  1  X  10^  cells  in  DMEM  and  Iscove’s  media.  The  medium  was 
changed  to  5%  charcoal  stripped  serum  medium  before  24  h  of  treatment.  The 
cells  were  treated  with  varying  concentrations  of  I5d-PGJ2  for  24  h,  washed 
once  with  PBS,  harvested,  and  centrifuged  at  1000  rpm  for  5  min.  Whole-cell 
lysates  were  prepared  according  to  the  protocol  provided  by  Santa  Cruz 
Biotechnology,  Inc.  with  minor  modification.  Ceils  were  washed  with  cold  1 X 
PBS  once  and  lysed  in  RIPA  buffer  [1  X  PBS,  1%  NP40  (Amaresco),  0.5% 
sodium  deoxycholate,  0.1%  SDS]  (23).  Protein  concentration  was  determined 
by  detergent  compatible  assay  (Bio-Rad). 

Antibodies.  The  anti-Hsp70  mouse  monoclonal  antibody  was  obtained 
from  Dr.  David  Toft  (Department  of  Biochemistry,  Mayo).  It  recognizes  both 
constitutive  (Hsp73)  and  inducible  (Hsp72)  forms.  Mouse  anti-Hsp70  mono¬ 
clonal  antibodies  SPA-810  and  SPA-815  specific  for  inducible  (Hsp72)  and 
constitutive  (Hsp73)  forms,  respectively,  were  obtained  from  StressGen  Bio¬ 
technologies  Corp.  (Victoria,  British  Columbia,  Canada).  /3-Tubulin  mouse 
monoclonal  antibody  was  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

Western  Blot  Analysis.  The  expression  of  Hsp70  in  cells  treated  with 
15d-PGJ2  for  24  h  was  examined  by  Western  blot  analysis.  Aliquots  of  the  cell 
lysates  (25  ixg)  or  purified  Hsp  (1.0  /xg)  were  resolved  on  10%  SDS  poly¬ 
acrylamide  gels  and  transferred  to  nitrocellulose  membrane.  The  membranes 
were  blocked  in  5%  nonfat  dry  milk  in  TBST  (20  itiM  Tris-HCl  (pH  8.0),  137 
mM  NaCl,  and  0.1%  Tween  20]  at  room  temperature  for  1  h.  Blots  were 
incubated  with  Hsp70  antibody  (1:5000  dilution),  inducible  Hsp70  antibody 
(1:1000),  constitutive  Hsp70  antibody  (1:1000),  or  /3-tubulin  antibody 
(1:10,000)  for  1  h  at  room  temperature.  Blots  were  washed  three  times  with 
TBST  and  then  incubated  for  I  h  with  1: 10,000  diluted  horseradish  peroxidase- 
conjugated  antimouse  IgG  antibody  (Amersham  Life  Science,  Arlington 
Heights,  IL),  and  the  proteins  were  detected  using  an  enhanced  chemilumi¬ 
nescence  Western  blotting  analysis  system  (Amersham  Life  Science).  /3- 
Tubulin  was  used  as  the  control  of  protein  loading  and  transfer  efficiency. 

Purification  of  Hsp70  PCs  from  TRAMP-C2  and  EL4  Cell  Lines.  Cells 
were  seeded  in  T-175  cm^  culture  flasks  at  4  X  10^  cells  and  were  treated  with 
8  {jm  15d-PGJ2  for  24  h.  The  cells  were  collected  by  centrifugation  at  1000 
rpm  for  10  min.  The  pellet  was  washed  with  PBS  and  homogenized  in 
hypotonic  buffer  (10  mM  NaHC03  0.5  mM  pefabloc,  pH  7.1),  and  the  Hsp70 
PC  was  isolated  according  to  the  method  of  Peng  et  al  (24),  using  ADP 
agarose  column  (Sigma)  and  further  purified  by  FPLC  system  (Mono  Q; 
Pharmacia  Biotech).  We  used  pefabloc  SC  instead  of  phenylmethylsulfonyl 
fluoride  as  protease  inhibitor.  Proteins  were  quantified  by  Bradford  assay,  and 
BSA  was  used  as  standard  (Sigma). 

Prophylactic  Assay.  Male  mice,  6-8  weeks  of  age,  were  divided  ran¬ 
domly  into  three  groups  of  six  animals  each.  Group  1  received  200  fxl  of  PBS, 
group  II  received  Hsp70  PCs  purified  from  TRAMP-C2  cells,  and  group  III 
received  Hsp70  PCs  purified  from  EL4  cells.  Hsps  were  injected  s.c.  under  the 
nape  of  the  neck,  in  200  /xl  of  PBS,  twice  a  week  for  2  weeks.  The  animals 
were  challenged  with  3  X  10^  live  cancer  cells  (isolated  on  the  same  day)  s.c. 


on  the  right  flank,  10  days  after  the  final  immunization,  and  the  kinetics  of 
tumor  growth  was  monitored. 

Generation  of  CTL  Effector  Population.  Mice  were  immunized  as  de¬ 
scribed  in  prophylactic  assay.  Ten  days  after  the  final  immunization,  the  mice 
were  sacrificed,  spleens  from  mice  in  the  same  treatment  group  (four  mice/ 
group)  were  harvested,  and  the  unffactionated  splenocytes  were  restimulated  in 
vitro  with  corresponding  TRAMP-C2  and  EL4  Hsps.  The  cells  were  cultured 
in  24- well  plates  for  6  days  at  a  concentration  of  3  X  10^  cells  in  1.0  ml  of 
Iscove’s  medium  with  the  addition  of  recombinant  mouse  IL-2  (50  units/ml) 
after  24  h  of  culture.  Cytolytic  activity  was  assayed  after  6  days  of  incubation. 

CTL  Assay,  Target  cells  TRAMP-C2  and  EL4  were  cultured  in  flasks  with 
100  units/ml  IFN-y  before  72  h  of  CTL  assay.  The  cells  were  collected  by 
trypsinization  and  labeled  with  300  jxCi  of  chromium  chloride  (^^Cr)  for  90 
min.  Effector  cells  were  plated  in  96-well  plates  at  various  E:T  cell  ratios  in 
triplicates.  The  total  reaction  volume  was  kept  at  200  /xl/well.  After  4  h  of 
incubation  of  effector  and  target  cells  at  37°C/5%  CO2,  30  /xl  of  cell  free 
supernatant  were  collected  from  each  well  and  counted  in  the  Top  Count  NXT 
(Packard)  counter.  The  amount  of  ^‘Cr  spontaneously  released  was  obtained  by 
incubating  target  cells  in  medium  alone.  The  total  amount  of  ^^Cr  incorporated 
was  determined  by  adding  2%  Triton  X-100  in  PBS  to  the  target  cells,  and  the 
percentage  of  specific  lysis  was  calculated  as  follows:  %  lysis  =  ((sample 
cpm  -  spontaneous  cpm)/(total  cpm  -  spontaneous  cpm)]  X  100. 

Results 

Induction  of  Hsps.  To  investigate  the  effect  of  15d-PGJ2  on  the 
expression  of  Hsps,  TRAMP-C2  cells  were  incubated  with  various 
concentrations  of  15d-PGJ2  (2.5-15  /ltm)  for  24  h.  The  cells  were 
harvested,  and  whole-cell  extracts  were  run  on  a  gel  and  then  immu- 
noblotted  with  Hsp70  antibody.  Fig.  lA  shows  dose-dependent  induc¬ 
tion  of  Hsp70  protein  with  15d-PGJ2  concentrations  ranging  from  2.5 
to  10  /xM.  Using  Hsp70  antibody  which  recognizes  both  inducible  and 
constitutive  forms,  maximum  induction  of  Hsp70  was  seen  with  10 
/xM  15d-PGJ2.  Hsp70  in  EL4  cells  was  also  induced  by  8.0  fxM 
15d-PGJ2  when  compared  with  the  untreated  group  (Fig.  15). 

Purification  of  Hsp70  PCs.  To  isolate  the  Hsp70  PCs,  the  15d- 
PGJ2-treated  cell  lysates  were  purified  using  an  ADP-agarose  column, 
followed  by  ion-exchange  chromatography  (Mono  Q  FPLC  system). 
Next,  the  fractions  were  resolved  by  SDS  polyacrylamide  gels. 
Whole-cell  lysates  and  the  purified  fractions  from  the  mono  Q  column 
were  immunoblotted  with  Hsp70  antibodies  specific  for  the  inducible 
and  constitutive  forms  (Fig.  1C).  Densitometry  of  the  purified  frac¬ 
tions  revealed  that  92%  of  the  Hsp70  from  TRAMP-C2  cells  is  the 
inducible  form  and  8%  is  the  constitutive  form.  Purified  fractions 
from  both  TRAMP-C2  and  EL4  cells  were  stained  with  silver  nitrate. 
The  staining  shows  a  single  band  of  Hsp70  on  the  gel  from  both  EL4 
and  TRAMP-C2  cells  (Fig.  ID),  This  reveals  homogeneity  of  prepa¬ 
ration  with  little  or  no  contamination  from  other  proteins.  We  also 
purified  Hsps  from  TRAMP-C2  cells  without  15d-PGJ2  treatment 
(data  not  shown).  The  amount  of  the  purified  product  of  Hsp70  with 
15d-PGJ2  treatment  was  4 -5 -fold  higher  as  compared  with  untreated 
cells. 

Generation  of  Tumor-specific  CTL  Response  by  Vaccination 
with  Hsp  PCs.  We  evaluated  the  ability  of  15-d  PGJ2-induced  Hsps 
to  elicit  a  CTL  response  against  TRAMP-C2  cells.  As  expected,  mice 
treated  with  PBS  had  a  low  level  of  CTL  activity  against  either 
TRAMP-C2  or  EL4  targets  (Fig.  2).  Mice  immunized  with  Hsps 
isolated  from  TRAMP-C2  cells  developed  high  levels  of  CTL  activity 
against  TRAMP-C2  targets  but  not  EL4  targets.  Mice  vaccinated  with 
EL4  Hsps  developed  relatively  low  CTL  activity  against  TRAMP-C2 
cells  or  the  lymphoma  cells.  These  results  indicate  that  the  vaccination 
of  mice  with  syngeneic  C2  tumor-derived  Hsps  elicited  a  tumor- 
specific  CTL  response  against  TRAMP-C2  prostate  tumor  cells. 

Antitumor  Protection  with  Hsp70  PCs.  To  determine  whether 
Hsp70  vaccination  protects  against  a  lethal  challenge  of  TRAMP-C2 
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Fig.  l.A,  15d-PGJ2-induced  expression  of  Hsp70  in  TRAMP-C2 
cells.  TRAMP-C2  cells  were  treated  with  various  concentrations  of 
I5d-PGJ2  for  24  h  and  immunoblot  analysis  with  Hsp70  monoclonal 
antibody  recognizing  both  the  constitutive  and  inducible  forms.  B, 
induction  of  Hsp70  expression  in  EL-4  cells  with  8  /am  I5d-PGJ2.  C 
TRAMP-C2  cells  treated  with  10  /am  15d-PGJ2,  the  whole-cell 
lysate,  and  the  purified  fraction  of  Hsp70  from  the  mono  Q  column 
were  immunoblotted  with  mouse  Hsp70  antibodies  specific  for  the 
inducible  form  (Hsp72)  and  constitutive  form  (Hsp73).  D,  purified 
fractions  of  the  Hsp70  from  the  TRAMP-C2  cells  were  resolved  by 
SDA-PAGE  and  stained  with  silver  nitrate.  Panel  I  is  the  low 
molecular  weight  marker,  and  panels  2  and  3  are  purified  Hsp70 
from  TRAMP-C2  and  EL4  cells,  respectively. 
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tumor  cells,  the  mice  were  injected  with  Hsps  or  PBS,  and  then  the  C2 
cells  were  observed  for  tumor  growth  over  a  9-week  period.  Mice 
pretreated  with  PBS  and  EL4  Hsps  developed  palpable  tumors  by  4 
weeks  after  tumor  challenge.  The  tumors  grew  rapidly,  leading  to  the 
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Fig.  2.  Induction  of  CTL  activity  after  immunization  with  TRAMP-C2  Hsps,  EL4 
Hsps,  and  PBS  for  control  animals.  Spleens  from  each  group  were  collected  10  days  after 
the  final  immunization.  Pooled  splenocytes  from  each  group  were  restimulated  in  vitro 
with  Hsp  PCs  isolated  from  TRAMP-C2  and  EL4  cells  and  tested  for  cytolytic  activity, 
after  7  days  of  culture.  Targets  consisted  of  TRAMP-C2  (A)  and  EL4  (B)  cells. 


death  of  the  animals  within  8  weeks  (Fig.  3,  A  and  B).  In  contrast, 
mice  preimmunized  with  Hsps  isolated  from  15d-PGJ2-treated 
TRAMP-C2  cells  showed  resistance  to  tumor  challenge,  and  only  two 
of  the  six  mice  developed  tumors  (Fig.  3C).  The  tumors  in  these  two 
mice  exhibited  delayed  kinetics  and  were  quite  small,  with  the  average 
diameter  of  —5.5  mm  around  7  weeks  after  tumor  challenge.  Inter¬ 
estingly,  the  tumor  in  one  of  the  two  mice  eventually  disappeared 
(Table  1)  by  the  eighth  week.  In  the  second  mouse,  the  tumor  grew 
slowly  until  the  end  of  the  experiment  at  9  weeks. 

Discussion 

We  used  TRAMP-C2  tumors  in  syngeneic  C57BL/6  mice  to  eval¬ 
uate  the  efficacy  of  Hsp70  vaccination  in  a  prostate  cancer  model.  The 
disease  progression  in  the  original  TRAMP  mice  closely  resembles 
the  progression  of  human  prostate  cancer.  Therefore,  it  is  a  useful 
model  for  evaluating  preventive  and  therapeutic  approaches  for  pros¬ 
tate  cancer.  This  model  should  provide  better  correlation  between 
animal  and  human  antitumor  results  than  previous  models  (25,  26). 

We  found  that  15d-PGJ2  caused  nonapoptotic  cell  death  (data  not 
shown)  with  induction  of  Hsp70  synthesis  in  TRAMP-C2  cells.  We 
have  also  observed  15d-PGJ2-induced  Hsp70  overexpression  in  other 
prostate  cells  such  as  TRAMP  Cl,  LNCaP,  PC3,  and  DU  1 45  cells 
(data  not  shown),  indicating  a  broad  Hsp70  induction  with  15d-PGJ2. 
Maximum  induction  of  Hsp70  was  seen  around  8-10  {jm  15d-PGJ2. 
The  use  of  an  ADP- affinity  column  allowed  the  isolation  of  immu¬ 
nogenic  peptides  associated  with  Hsp70,  and  these  preparations 
mostly  contained  the  inducible  (Hsp72)  form.  It  was  shown  previously 
that  Hsp  PCs  are  important  for  generation  of  antitumor  immunity. 
Vaccination  with  either  Hsp70  alone  or  the  peptides  alone  did  not 
elicit  tumor  immunity  in  tumor  rejection  models  (13,  27).  The  anti¬ 
genic  epitopes  bound  to  Hsp70  may  represent  a  broad  range  of  unique, 
shared,  and  nonspecific  normal  cellular  antigens. 

It  was  demonstrated  that  Hsp  preparations  isolated  from  tumor  cells 
could  be  used  to  immunize  mice  against  the  tumors  from  which  the 
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preparations  were  obtained  (12).  Immunization  of  mice  with  Hsps 
elicits  a  specific  cellular  immune  response  not  against  the  Hsps  perse 
but  against  antigenic  peptides  chaperoned  by  them.  Results  from  our 
study  demonstrate  that  tumor-derived  TRAMP-C2  Hsp  vaccination  as 
opposed  by  EL4  Hsps  induces  a  specific  CTL  response  against  the  C2 
cells.  The  appearance  of  CTLs  specific  for  TRAMP-C2  cells  and 
capable  of  lysing  C2  cells  in  vitro  correlated  with  the  development  of 
protective  immunity  against  TRAMP-C2  tumors  in  vivo.  Similar 
results  were  obtained  when  the  experiment  was  repeated.  The  possible 
reasons  for  low  EL4  CTL  activity  with  EL4  cell-derived  Hsps  might 
be  because  the  conditions  for  vaccinations  were  not  optimal  {e.g., 
frequency  and  time  interval  of  vaccination).  Alternatively,  the  amount 
of  Hsp70  PC  used  might  be  insufficient  to  develop  a  significant 
immune  response, 

A  well-characterized  major  peptide  binding  Hsp70  was  shown  to 
elicit  immunity  to  the  tumors  from  which  it  was  isolated  but  not  to 
antigenically  distinct  tumors  (28).  The  induction  of  Hsp72  in  B16 
melanoma  cells  significantly  enhanced  the  immune  recognition  of 
tumor  cells  by  increasing  the  levels  of  MHC  class  I  antigens  on  their 
surface  (29).  A  role  of  Hsp72  in  the  trafficking  of  antigenic  peptides 
has  been  suggested  by  Srivastava  et  al  (30).  They  have  shown  that 
exogenous  peptides  administered  as  complexes  with  Hsp72  are  effi¬ 
ciently  shunted  into  the  MHC  class  I  presentation  pathway.  It  was 
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Weeks  after  tumor  challenge 

Fig.  3.  Induction  of  antitumor  protection  by  vaccination  with  HspTO  PCs.  Groups  of  six 
mice  were  injected  with  PBS  for  controls  (A),  Hsp  PCs  from  EL4  cells  (B),  and  Hsp  PCs 
isolated  from  TRAMP-C2  cells  (C).  The  animals  were  challenged  10  days  later  with  s.c. 
injection  of  3  X  10®  TRAMP-C2  cells.  Results  depict  tumor  growth  in  individual  animals 
over  time. 


Table  1  Immunization  of  Hsp70  PCs  isolated  from  TRAMP-C2  and  EL4  cells  on  the 
tumor  incidence  by  challenge  with  TRAMP-C2  cells 
The  animals  in  the  control  group  and  EL4  Hsp  group  were  sacrificed  after  8  weeks. 
Tumor  growth  was  monitored  up  to  9  weeks  in  animals  that  received  TRAMP  Hsp  PCs. 

No.  of  weeks  after  challenge  of  3  X  10^  live  TRAMP-C2  cells 


4 

5 

6 

7 

8 

9 

Control  (PBS) 

4/6 

6/6 

6/6 

6/6 

6/6 

NA'* 

Hsp70  PCs  (EL  4) 

5/6 

6/6 

6/6 

6/6 

6/6 

NA 

Hsp70  PCs  (TRAMP-C2) 

0/6 

0/6 

0/6 

2/6 

1/6 

1/6 

°  NA.  not  available. 


shown  that  Hsps  localized  in  distinct  intracellular  compartments  are 
associated  with  different  sets  of  precursors  for  MHC  class  I  binding, 
tumor  antigenic  peptides.  The  patterns  of  association  of  peptides  were 
distinct  and  specific  for  each  Hsp.  In  a  mouse  leukemia  model,  Hsp90 
was  found  associated  with  an  8-mer  epitope  as  well  as  two  other 
precursor  peptides,  whereas  Hsp70  was  associated  with  only  the 
8-mer  epitope  and  gp96  was  associated  with  the  8-mer  epitope  and 
one  of  the  lO-mer  precursor  peptides.  The  antigenic  peptides  associ¬ 
ated  with  Hsp70  in  the  prostate  cancer  model  are  not  yet  known. 
However,  vaccination  with  autologous  tumor-derived  Hsp  PCs  uses 
the  entire  antigenic  repertoire  of  the  cell,  which  circumvents  the  need 
to  identify  a  large  number  of  CTL  epitopes. 

Our  study  shows  that  the  15d-PGJ2-induced  Hsp72  can  be  used  to 
generate  a  specific  CTL  response.  The  immune  response  elicited  by 
Hsp72  expression  was  also  able  to  protect  against  tumor  challenge. 
The  advantage  of  using  Hsp  PCs  for  vaccination  is  that  the  antitumor 
immune  responses  will  be  generated  for  the  entire  antigenic  repertoire 
of  the  cancer  cells.  The  observations  reported  in  this  study  provide 
some  of  the  important  elements  needed  for  development  of  Hsp 
peptides  as  the  basis  of  a  new  generation  of  vaccines  against  prostate 
cancer. 
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